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GENERAL INTRODUCTION 
Diversity exists at all levels of biological organisation, ranging from widespread genetic 
diversity within populations of a single species to the almost bewildering variety of species 
found, for example, among rainforest trees. Biodiversity has not only intrinsic, but also clear 
economic value. For example, more diverse ecosystems tend to be more productive and more 
stable over time due to a larger potential to adapt to environmental change. Despite extensive 
research on the effects of biodiversity (e.g. Hooper et al., 2005), the forces creating and 
maintaining biodiversity are still not fully understood. A number of theories have tried to 
explain the number of coexisting species in an ecosystem (e.g. Hutchinson, 1957; Hubbell, 
2001). While classical niche-based theories can explain certain patterns of species 
distributions adequately, they often would predict fewer coexisting species than can be 
observed in natural systems. As a consequence, Hubbell (2001) proposed the neutral theory of 
biodiversity to explain species richness observed in such hyperdiverse systems, but the 
assumptions underlying this theory have been repeatedly shown to be unrealistic for natural 
communities of species (Gotelli & McGill, 2006; Purves & Turnbull, 2010). 
A different set of theories employs various biotic interactions among organisms that 
create ‘biotic’ niches, for example selective pressures exerted by natural enemies such as 
herbivores, predators or pathogens (Janzen, 1970; Connell, 1971; Coley & Barone, 1996; 
Crawley, 1997; Grewell, 2008). Underlying the biotic niche concept are several assumptions: 
trade-offs prevent the evolution of all-powerful natural enemies and all-resistant hosts; the 
occurrence of a natural enemy is unpredictable in space or time; and resistance to a natural 
enemy trades-off with host fitness. If all assumptions are met, a defended host species will be 
favoured in the presence of natural enemies, but selected against in their absence. Host 
defences will be differentially effective against different natural enemies, thus a diverse 
community of natural enemies has the potential to maintain a large number of coexisting 
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species, where in their absence only the best competitor for abiotic resources would survive. 
Such fluctuating selective pressures at the landscape have been termed ‘selection mosaics’ 
(Thompson & Cunningham, 2002; Thompson, 2005), where change in locally favourable and 
unfavourable conditions maintains and creates biodiversity at the meta-population scale. 
Even though the first two assumptions of the biotic niche concept are relatively 
undisputed, experimental evidence for this mechanism is still relatively rare (e.g. Gaines, 
1985). Natural enemies such as herbivores are known to fluctuate strongly in space and time 
(Lawton & Gaston, 1989; Root & Cappuccino, 1992; Thrall & Burdon, 1997) and all-
powerful enemies are rare and most herbivores specialise on a small number host plants. 
Similarly, most genetic and trait diversity within a species is usually associated with defence 
mechanisms (Frank, 1991; Bergelson et al., 2001), which would be contradictory to the 
existence of all-resistant hosts. In contrast, the last prediction of the biotic niche concept has 
been challenged repeatedly. Even though defence traits are traditionally assumed to incur 
costs to the organism expressing them (Coley et al., 1985; Bazzaz et al., 1987; Herms & 
Mattson, 1992), experimental studies often struggled to find the expected trade-offs with 
fitness, leading several studies to conclude that at least some defence traits might not be costly 
to produce (reviewed in Koricheva, 2002; Koricheva et al., 2004). 
 
Natural defences: useful but costly 
Plants employ a range of defence mechanisms to deter and avoid herbivory. Physical 
structures such as thorns and spines impede herbivore feeding directly and chemical defences 
deter herbivores once they begin feeding on a plant. Any such trait is generally only effective 
against a subset of the herbivore community, and specialisation for defended host plants is 
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common among herbivore species, for example through the evolution of detoxification 
mechanisms (Ratzka et al., 2002; Wittstock et al., 2004; Kazana et al., 2007). 
Three different types of defence costs have been identified (Koricheva, 2002): 
allocation costs, (Rhoades, 1979; Bazzaz et al., 1987) which are trade-offs between defence, 
growth and reproduction within an individual plant; opportunity costs (Coley et al., 1985), 
which are a special form of allocation costs that are affected by ontogeny; and ecological 
costs (Simms, 1992; Rausher, 1996), which are costs that result when the expression of a 
defence trait makes a host susceptible to other herbivores or has deleterious effects on 
pollinators, predators or parasitoids. Not all of these costs are easily measurable, and failure to 
account for the different types has been claimed to be responsible for the inconsistent 
detection of defence costs (Koricheva, 2002). While this might be true for many plant species, 
it is unlikely to be the case for annual plants. Annual plants only have a short lifetime, are 
generally fast growing and are highly resource limited. Under such conditions, even small 
increases in nutrient availability can leads to marked changes in plant growth (e.g. Paul-Victor 
et al., 2010). Any allocation of resources away from growth to defence traits should therefore 
become clearly apparent in annual plants, and hence allocation costs should be easily 
detectable. 
Costs are measured as the reduction of plant fitness caused by the expression of a trait. 
While the seed set of a plant is often considered to be the best estimate of lifetime fitness, 
plant growth rate can also be a good predictor of the outcome of competition and is thus a 
useful surrogate for fitness in competitive environments (Fakheran et al., 2010; Züst et al., 
2011). 
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Describing growth rate 
Growth rate of a plant is traditionally described as the relative growth rate (RGR). RGR is 
typically based on only two biomass measurements and is calculated using: 
ܴܩܴ ൌ ݈݋݃ሺܯଶ ܯଵ⁄ ሻݐଶ െ ݐଵ  
The advantage of such calculations is that they are easy to carry out and many species or 
genotypes can be compared for relatively little time and effort (Hunt, 1982). However, this 
formulation implicitly assumes that plants grow exponentially (linear on the log-scale), in 
which case RGR would be constant and unbiased by size. In fact, as plants get larger, 
deviations from exponential growth occur for a variety of reasons, including increasing 
allocation to structural non-photosynthetic tissue, self-shading of the leaf canopy and 
increasing below-ground resource limitation (Evans, 1972; Ingestad & Agren, 1992; Maranon 
& Grubb, 1993; Enquist et al., 1999). In addition, RGR is itself size-dependent and declines 
as individual plants grow (Hunt, 1982; Hunt & Cornelissen, 1997; Enquist et al., 1999; West 
et al., 2001); hence larger individuals are expected to have lower RGR than smaller 
individuals when measured over the same time period. This can confound analyses when the 
species or genotypes differ in their initial sizes (Turnbull et al., 2008; Rose et al., 2009). 
The solution to these problems is the use of non-linear growth functions that assume 
biologically more reasonable growth processes, and to calculate size-standardized RGR or 
SGR that facilitate comparison among species or genotypes at a common reference size (Rose 
et al., 2009; Paul-Victor et al., 2010; Paine et al., 2011). When examining growth/defence 
trade-offs, a size-standardised analysis should thus reveal whether each new unit of defended 
tissue is more costly to make than each new unit of undefended tissue for plants of 
standardised size. 
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Arabidopsis thaliana as a model species 
The thale cress Arabidopsis thaliana L. Heynh (Brassicaceae) has a long history as a model 
plant in biology. Almost 70 years ago, Laibach (1943) proposed the use of A. thaliana as a 
model plant, as its short generation time, high fecundity, and the ease with which plants could 
be crossed and mutants could be generated provides large potential for targeted study of plant 
traits. A. thaliana is a highly and readily selfing plant, and outcrossing rates in natural 
populations are estimated in the range of 0.3 to 2.5 % (Abbott & Gomes, 1989; Bergelson et 
al., 1998; Bakker et al., 2006), although it can be much higher in some populations (e.g. 
Bomblies et al., 2010). A. thaliana is highly variable in many traits, and a large part of this 
variability is represented in natural variants (accessions) that have been collected from the 
natural habitats of the species worldwide and are available to researchers from stock centres. 
In addition, there are thousands of mutants in which specific genes have been artificially 
modified and which allow targeted study of the importance of specific genes. A. thaliana 
produces leaf hairs (trichomes) which cover leaves and stem and have been shown to reduce 
feeding damage by natural herbivore assemblages (Mauricio, 1998). A. thaliana also produces 
chemical defences, mainly secondary metabolites belonging to the group of glucosinolates, 
which are present in all parts of the plant (Vaughan et al., 1976). Both groups of traits are 
assumed to be costly, as both traits are negatively correlated with the seed set (Mauricio, 
1998) and the growth rate of plants (Paul-Victor et al., 2010; Züst et al., 2011). 
Glucosinolates are produced by all Brassicaceae and have known defensive properties 
against herbivory (Bones & Rossiter, 1996). Over 120 different glucosinolate compounds 
have been identified in crucifer species (Benderoth et al., 2006), with at least 43 different 
glucosinolate compounds present in A. thaliana (Reichelt et al., 2002; Kliebenstein et al., 
2007). A glucosinolate consist of a sulphur-linked glycone moiety, a nitrogen-linked sulphate, 
and a variable side chain (Mithen et al., 1995). This side-chain is the biological active part 
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and may contain aliphatic, indolyl, or aromatic groups. In order to become toxic, 
glucosinolates require enzymatic activation by enzymes, generally by tissue disruption and 
subsequent combination of the spatially separate enzymes and glucosinolate compounds 
(Kelly et al., 1998). Variation in aliphatic glucosinolates among natural accessions of A. 
thaliana has been explained by the combination of functional and non-functional (null) alleles 
at four major loci. These are GS-ELONG, which regulates the carbon side-chain elongation of 
aliphatic glucosinolates; GS-AOP, which controls the conversion of methylsulfinylalkyl to 
either alkenyl (ALK) or hydroxypropyl (OHP) glucosinolates; GS-OH, responsible for the 
conversion of 3-butenyl to 2-hydroxy-3-butenyl glucosinolate; and GS-OX, which regulates 
the conversion of methylthioalkyl to methylsulfinylalkyl glucosinolates (Mithen et al., 1995; 
Kliebenstein et al., 2001). The combination of heritable polymorphisms at these four loci 
leads to the formation of ‘chemotypes’, i.e., a group of genotypes that accumulate a 
characteristic set of glucosinolates. The chemotype of A. thaliana plays an important role in 
determining the herbivore community that feeds on a given chemotype. For example, high 
levels of alkenyl glucosinolates are generally associated with reduced damage caused by 
generalist caterpillars (Lambrix et al., 2001; Kliebenstein et al., 2002; Kliebenstein, 2004). 
However, the same glucosinolates act as stimulants for feeding and oviposition by numerous 
specialists, such as cabbage aphids, cabbage seed weevils, cabagge root flies, turnip aphids, 
and diamondback moths (Raybould & Moyes, 2001). In contrast, Bidart-Bouzat and 
Kliebenstein (2008) carried out an herbivory assay in the field with a predominantly specialist 
herbivore community, and found the least levels of damage associated with 3C-OHP and 4C-
NULL chemotypes. This is a clear indication that a selection mosaic of herbivores could be 
responsible for the large genetic and chemical diversity found in natural populations of A. 
thaliana. 
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Goal of the project 
Trade-offs of between defence traits and fitness are generally assumed to exist but are not 
consistently found in experimental studies. We therefore asked the question whether failure to 
detect such trade-offs can be caused by methodological problems with fitness surrogates 
(Chapter 1). We measured both conventional growth rates (RGRs) and size-standardised 
growth rates (SGRs) on a subset of an A. thaliana recombinant inbred line (RIL) population 
and related these measures to levels of defensive compounds. Such correlations of two traits 
never allow causal conclusions on their relation, and the expression of any trait is usually 
confounded with other non-target traits. As a solution to this problem, we used knockout 
mutants of A. thaliana to measure the associated allocation costs of these traits (Chapter 2). 
Knockout mutants ideally differ only in one trait of interest, and hence are a useful method to 
directly compare the performance of otherwise genetically identical plants expressing or 
lacking a trait. 
SGR is a better method to describe growth as it often produces biologically more 
meaningful results, but it also has the disadvantage of requiring a higher sampling effort. 
High-throughput methods of growth phenotyping are becoming available to deal with this 
problem, but often still use inadequate statistical methods to process the data they produce. To 
demonstrate this, we have taken the data from a recently published paper and analysed it with 
a much simpler, more meaningful method than the method chosen by the authors of the study 
(Chapter 3). In addition, we have developed a cheap, high-accuracy and high-throughput 
method to measure the rosette growth of A. thaliana and applied it to a new RIL population in 
search of fitness/defence trade-offs (Chapter 4). 
Trade-offs measured on individual plants in a single generation can never adequately 
describe costs, since the real fitness of a plant is often affected by many more variables, which 
are not accounted for in such studies. A better way to measure fitness costs is to expose plants 
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under near-natural conditions to a selective pressure and observe the proportion of offspring 
in future generation. Combining this approach with a direct test of the biotic niche theory and 
the selection mosaic concept, we carried out a selection experiment in which we exposed a 
community of A. thaliana accessions for several generations to various constant herbivore 
pressures (Chapter 5), in this way testing all the major assumptions of the biotic niche 
concept. 
 
All the chapters are presented in manuscript format and already published chapters are 
presented in their final published version. 
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Summary 
• Most plants suffer some degree of herbivore attack and many actively defend  themselves 
against such an event. However, while such defence  is generally assumed to be costly,  it has 
sometimes proved difficult to demonstrate the costs of defensive compounds.  
• Here, we present a method for analysing growth rates which allows the effects of variation 
in  initial plant size to be properly accounted  for and apply  it to 30  lines  from a recombinant 
inbred (RIL) population of Arabidopsis thaliana. We then relate different measures of relative 
growth  rate  (RGR)  to  damage  caused  by  a  specialist  lepidopteran  insect  and  to  levels  of 
putative defensive compounds measured on the same lines. 
• We  show  that  seed  size  variation within  the  RIL  population  is  large  enough  to  generate 
differences  in RGR, even when no other physiological differences exist. However, once  size‐
standardised,  RGR  was  positively  correlated  with  herbivore  damage  (fast‐growing  lines 
suffered  more  damage)  and  was  negatively  correlated  with  the  concentration  of  several 
glucosinolate compounds. 
• We conclude that defensive compounds do have a growth cost and that the production of 
such compounds results  in reduced herbivore damage. However, size standardisation of RGR 
was essential to uncovering the growth costs of defensive compounds. 
 
Key Words: RGR,  trade‐off, herbivore, defence, Arabidopsis  thaliana, 
glucosinolate. 
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Introduction 
Plants differ in their growth rates and some of this 
variation is thought to be negatively correlated with traits 
such as herbivore defences (Bazzaz et al., 1987; Herms & 
Mattson, 1992), frost resistance (Agrawal et al., 2004; 
Turnbull et al., 2008) or investment in non-photosynthetic 
structures such as storage organs (Poorter & Kitajima, 
2007). Trade-offs – or negative correlations – between 
growth rates and investment in defence are predicted by 
life-history theory because defence is assumed to be costly 
(Bazzaz et al., 1987; Perrin & Sibly, 1993; Iwasa, 2000). A 
plant that does not invest in defence can therefore grow 
more rapidly but it should suffer more damage when 
herbivores strike; conversely, if a plant invests in defensive 
compounds it should grow more slowly but suffer less 
damage. Such trade-offs are usually assumed in theoretical 
work (Perrin & Sibly, 1993; Iwasa, 2000) but, 
experimental demonstrations have sometimes proved more 
difficult (reviewed in Koricheva, 2002), particularly for 
compounds associated with defence against herbivores 
(Bergelson & Purrington, 1996; Arendt, 1997; Arendt, 
2000); (Almeida-Cortez et al., 1999; Almeida-Cortez & 
Shipley, 2002; Siemens et al., 2002). Here we explore 
whether the methods commonly used to calculate growth 
rates, which fail to account for differences in initial size 
(Hunt, 1982; Hunt & Cornelissen, 1997), are partly 
responsible for the difficulties in detecting negative 
correlations between growth rates and defence, as outlined 
below.  
 
The problem with RGR 
The most widely-used method to compare growth rates 
among species or genotypes is relative growth rate (RGR)  
12
12 )/log(
tt
MMRGR −=
 
where Mi is the mass of the plant at time ti. Experiments 
using such calculations are easy to carry out and many 
eqn 1 
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species or genotypes can be compared for relatively little 
time and effort (Hunt, 1982). The problem with such 
calculations is that RGR is itself size-dependent and 
declines as individual plants grow (Hunt, 1982; Hunt & 
Cornelissen, 1997; Enquist et al., 1999; West et al., 2001); 
hence larger individuals are expected to have lower RGR 
than smaller individuals when measured over the same time 
period. This can confound analyses when the species or 
genotypes differ in their initial sizes (Turnbull et al., 2008; 
Rose et al., 2009). To overcome this problem, we need to 
carry out a size-standardised analysis in which species are 
compared at a common size. When examining 
growth/defence trade-offs, a size-standardised analysis 
should reveal whether each new unit of defended tissue is 
more costly to make than each new unit of undefended 
tissue for plants of standardised size. 
 
Defence in Arabidopsis thaliana 
Arabidopsis thaliana produces a variety of secondary 
metabolites associated with defence. This chemical arsenal 
consists of a group of glucosinolates, alongside protease 
inhibitors, phenolics and terpenoid volatiles (Kliebenstein, 
2004). Glucosinolates are amino-acid derived 
thioglycosides consisting of a conserved core structure and 
a highly diverse side chain. So far, at least 43 different 
glucosinolate compounds have been identified in 
Arabidopsis (Reichelt et al., 2002; Kliebenstein et al., 2007), 
the majority of which have an aliphatic side-chain, while 
another group of glucosinolates has indolic side-chains 
(Kliebenstein et al., 2001b). Glucosinolates serve as a major 
chemical defence mechanism against insect herbivores, 
bacteria and fungi (Bones & Rossiter, 1996). For example, 
a number of studies have indicated that high glucosinolate 
content can delay larval development and reduce the 
survival of leaf-chewing lepidopteran insects (Kliebenstein 
et al., 2002; Barth & Jander, 2006; Beekwilder et al., 
2008). Different types of herbivores are also affected by 
different glucosinolate compounds, for example, phloem-
feeding aphids are mainly impaired by indolic 
glucosinolates (Kim & Jander, 2007). 
Given their molecular structure, accumulation of 
glucosinolates by Arabidopsis might be expected to incur 
some metabolic or regulatory cost, leading to reductions in 
growth rate. However, when looked for, such growth costs 
have not been detected (e.g. Siemens et al., 2002). Given 
that Arabidopsis lines vary in seed size and emergence time 
(germination day), comparisons among lines carried out 
over a fixed time period inevitably compare lines at 
different sizes. The failure to detect the growth costs of 
glucosinolates could therefore be due to the lack of size-
standardisation when calculating growth rates. 
Here we present a method for calculating size-standardised 
RGR which requires multiple harvests and apply it to data 
collected on 30 lines of Arabidopsis from a recombinant 
inbred (RIL) population. We then combine this growth 
data with published data on the same RIL population to 
examine the correlations between 1) growth rates and the 
concentrations of several glucosinolate compounds and 2) 
growth rates and herbivore damage inflicted by a specialist 
insect. 
 
MATERIAL AND METHODS 
Plant material 
To demonstrate the potentially confounding effects of seed 
size on growth rates, we selected a RIL population derived 
from crosses between two accessions of Arabidopsis 
thaliana: the small-seeded Landsberg erecta (Ler: mean 
mass of 100 seeds ± 1 SD: 1.93 mg ± 0.10) and the large-
seeded Cape Verde Islands (Cvi: mean mass of 100 seeds ± 
1 SD: 3.51 mg ± 0.08) (Alonso-Blanco et al., 1998; 
Alonso-Blanco et al., 1999). For the growth experiment, we 
selected 30 RILs from the possible set of 162. The 30 lines 
were selected by dividing the original 162 lines into six 
equally-spaced seed mass groups and selecting five lines at 
random from each group. Half of the selected lines carry 
the erecta mutation inherited from the Ler parent, while the 
other half carries the wild-type ERECTA allele (Table S1). 
Lines carrying the erecta mutation have reduced height and 
different flower morphologies (Arabidopsis Biological 
Resource Centre (ABRC)). A summary of published 
information about the lines is available in Table S1. The 
seeds were obtained from The Arabidopsis Information 
Resource (TAIR) and we estimated sown seed mass by 
weighing one batch of 100 seeds from each of the 30 
selected lines. 
 
Experimental design 
Plants were grown in small (20 mm diameter), medium 
Table 1 Schedule of harvest dates showing the average developmental stage observed at each harvest. On average, 
germination occurred 4.7 days after sowing. 
 
Harvest   Days after sowing  Average age  
(Days after germination) 
Developmental stage 
1  7  2.3  2 leaves 
2  11  6.3  4 leaves 
3  15  10.3  6 leaves 
4  20  15.3  8 leaves and bolting 
5  28  23.3  First flowers seen 
6  33  28.3  First fruits seen 
   
 
(30 mm diameter) and large cylinders (40 mm diameter) 
inserted into standardized cells (65 mm diameter) within a 
flat completely filled with a mixture of 50% sand and 50% 
compost. Each flat contained 35 cells and was 70 mm 
deep. The cylinders allowed us to randomise pot diameter 
treatments within flats and ensured that the spacing of 
individuals in different pot sizes and the surface area 
available to growing rosettes was exactly the same. 
However, the three pot sizes provide different degrees of 
belowground growth restriction (Paul-Victor & Turnbull, 
2009). Pots were sown with four seeds and thinned as soon 
as seedlings emerged to leave one plant per pot (the most 
central healthy seedling). The plants were grown in a 
glasshouse with both natural light and additional artificial 
lighting which came on automatically when the natural 
light was below 25 kLux and kept under a cycle of 16 h 
light (22°C) and 8 h dark (20°C). Germination, bolting 
(initiation of the flowering stem) and flowering (opening of 
the first flower) were recorded for each plant to the nearest 
day. 
Biomass was collected during six sequential, destructive 
harvests. We separated the plant parts into roots, rosette 
leaves and inflorescence (when present) and counted the 
number of leaves. Plant parts were dried at 80°C for three 
days and weighed to the nearest microgram. We focussed 
on the active stages of plant growth by harvesting at 
relevant points of the plants’ development; thus each 
harvest represents a developmental stage observed in most 
individuals (Fig. 1 and Table 1). By the last harvest (33 
days after sowing) no siliques were observed to have opened 
and hence no biomass was lost as seeds; however, rosette 
growth had mostly stopped (evidenced by relatively little 
change in rosette mass between harvests 4 and 5). At each 
harvest there were two replicates of each line and pot size 
combination, giving 1080 plants in total. A few plants are 
missing due to germination failures in the growth 
experiment. 
 
 
 
 
Size‐standardised RGR 
We modelled total biomass (rosette + roots + inflorescence) 
as a function of plant age (days since germination) using a 
three-parameter asymptotic regression model. Plant 
biomass was log-transformed giving: 
 ( ) ))exp(exp())(log(log 0,, trAMAM iiiiti −−+=  
 
where Mi,0 is the starting mass at t = 0, Ai is the asymptotic 
mass as t → ∞ and ri is the logarithm of the rate constant 
(the rate constant is log-transformed to ensure positive 
growth). The time required to reach a given a reference 
mass, Mref, is given by 
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RGR is given by d(log(Mt))/dt, hence we can calculate size-
standardised RGR by differentiating eqn 2 and substituting 
for t=t(Mref). This gives 
 ( ))log()exp( refiii MArRGR −=  
 
Thus, size-standardised RGR declines with mass and 
depends on three parameters, the rate constant (ri) the 
asymptotic mass (Ai) and the reference mass (Mref).  
To calculate size-standardised RGR for each of the 30 lines 
we fitted the above model using the function nlme in the 
statistical package R (R Development Core Team, 2008). 
Lines were treated as a random effect and pot volume and 
seed mass as fixed effects. Throughout, we followed the 
model-building approach advocated by the developers of 
nlme (Pinheiro & Bates, 2000) which includes assessment 
and removal of non-significant terms. The significance of 
fixed effects (pot volume and seed mass) was assessed using 
F-tests while the significance of the random effects (lines) 
was assessed using likelihood ratio tests (Pinheiro & Bates, 
2000).  
eqn 2 
eqn 3 
eqn 4 
Table 2 Estimates of the fixed effects from the final growth model. Random, i.e. line effects were retained for ri.
  Estimate  S.E.  t‐value   p‐value 
Asymptotic mass (Asym)    2.41  0.0785    30.7   <.0001 
Asym (Pot diameter = 30)     1.32  0.117    11.2   <.0001 
Asym (Pot diameter = 40)     1.84  0.128    14.4    <.0001 
Rate parameter (ri)     ‐2.20  0.0493    ‐44.7    <.0001 
ri (Pot diameter = 30)   ‐0.204  0.0507   ‐4.02   0.0001 
ri (Pot diameter = 40)   ‐0.296  0.0509    ‐5.82    <.0001 
Mi,0 (intercept)   ‐0.097   0.660   ‐0.147   0.883 
Mi,0 (log(sown.seed.mass))  0.753  0.182     4.14    <.0001 
   
 
Conventional RGR 
Conventional RGR is an average over some specified time 
period. Average RGR (RGRav) is typically measured by 
making two harvests separated by a short time interval and 
applying eqn 1. Here we calculate average RGRav over the 
whole growth interval (harvest 1 – harvest 6). We also 
calculated early RGR (RGRearly) using data from the first 
two harvests (conducted 7 and 11 days after sowing).  
 
Secondary compounds and herbivory 
Estimates of growth rates (RGRav, RGRearly and size-
standardised RGR) in the largest pot size (diameter = 40 
mm) were used to test associations between different 
measures of growth rate with herbivore damage and with 
glucosinolate concentrations in leaves and seeds. In an 
earlier experiment, Kliebenstein et al. (2001a) measured 
glucosinolate concentration in leaves and seeds on the same 
RILs and recorded levels of damage inflicted by two insects 
after feeding for a short time interval (Kliebenstein et al., 
2002). Although glucosinolate concentrations, damage by 
herbivores and growth rates were not measured in the same 
individuals, the genetic stability of a RIL population allows 
data from different experiments to be compared as long as 
strong environment x genotype interactions are lacking 
(West et al., 2006; Keurentjes et al., 2007; Sønderby et al., 
2007; Wentzell et al., 2007; Hansen et al., 2008; 
Keurentjes et al., 2008; Fu et al., 2009; Sulpice et al., 
2009).  
For glucosinolate content, five plants per RIL were 
planted individually in separate pots (diameter = 60 mm), 
replicated three times. After three weeks, 10 leaves were 
harvested from each replicate while plants were grown to 
senescence and seeds collected within each replicate. Both 
leaf and seed samples were extracted and analysed with 
previously-described high-throughput methods 
(Kliebenstein et al., 2001a; Kliebenstein et al., 2001b). 
Herbivory assays using two lepidopteran species were 
conducted in another experiment (Kliebenstein et al., 
2002). A single 1st instar larva of the specialist Plutella 
xylostella L. or the generalist Trichoplusia ni Hübner were 
placed on 4-week-old plants and the area removed by the 
herbivores after 48 hours of feeding was measured. 
Herbivory estimates in Arabidopsis based on leaf area 
removal are highly correlated with herbivory estimates 
based on larval weight gain (Jander et al., 2001; Barth & 
Jander, 2006), confirming the reliability of this method. 
Each RIL was assayed for damage by each lepidopteran 
species 16 independent times. As P. xylostella removed large 
proportions of the rosettes it was necessary to correct the 
herbivory scores for rosette size. This was done by fitting a 
randomized complete blocks ANOVA using the model 
HERBIVORY = CONSTANT + FLAT + LINE + SIZE, 
where flat is a blocking term. The predicted herbivory 
means were then taken as size-standardised herbivory 
scores. Previous analyses reveal that there is significant 
among-line variation in both damage inflicted by 
herbivores and in the concentrations of various 
glucosinolates compounds (Kliebenstein et al., 2002).  
Figure 1 Picture of  the experiment  showing  the developmental  stages of  the plants at each of  the  six harvests  (pictures a−f 
correspond to harvests 1−6; see Table 1). Note that the surface area available to grow roseƩes is exactly the same for the three 
pot size treatments. 
   
 
All three measures of RGR were tested for association 
with herbivore damage and with the line-specific 
glucosinolate concentrations in both leaves and seeds using 
Pearson’s product moment correlation. Seed glucosinolate 
concentrations were also used because they might better 
reflect the lifetime production of glucosinolates by the 
plant and because the period of seed production is included 
in the growth curve. In contrast, leaf concentrations vary 
according to plant age and size and this can confound 
analyses (Koricheva, 1999). Concentrations of compounds 
were tested for normality and transformed where necessary 
(log or square-root) before correlations were performed. 
 
 
 
Results 
Conventional RGR 
RGRearly was positively correlated with RGRav (r = 0.389, P 
= 0.037, df = 27). As expected, there was a significant 
negative association between RGRav and seed mass (F1,28 = 
6.47, P = 0.017) although RGRearly was not significantly 
associated with seed mass (F1,27 = 1.99, P = 0.17).  
 
Size‐standardised RGR 
The asymptotic regression model appeared to provide a 
good fit to the data (Fig. S1) and model-checking plots 
revealed no obvious signs of model mis-specification. As 
judged by comparison of AIC values (a measure of 
goodness-of-fit; Akaike (1974)), models with pot volume 
fitted as a factor were better than those in which the 
Table 3. Correlations (Pearson’s product‐moment) between glucosinolate compounds in leaves and seeds and the 
three different measures of RGR. Significant correlations are highlighted  in boldface. The concentrations of some 
glucosinolate compounds were not measured in the leaves; hence this correlation is not available (NA). 
    RGRav    RGRearly    Size‐standardised RGR 
indolyl‐3‐methyl  leaves  0.276  p = 0.141  0.217  p = 0.268  ‐0.228  p = 0.226 
  seed  0.291  p = 0.119  ‐0.350  p = 0.068  ‐0.226  p = 0.231 
1‐methoxy‐indolyl‐3‐methyl  leaves  NA  NA  NA  NA  NA  NA 
  seed  0.211  p = 0.263  0.102  p = 0.607  ‐0.336  p = 0.070 
4‐methoxy‐indolyl‐3‐methyl  leaves  0.113  p = 0.552  0.316  p = 0102  ‐0.102  p = 0.593 
  seed  NA  NA  NA  NA  NA  NA 
Total indolic glucosinolates  leaves  0.314  p = 0.091  0.208  p = 0.287  ‐0.215  p = 0.254 
  seed  0.320  p = 0.084  ‐0.331  p = 0.085  ‐0.288  p = 0.123 
               
3‐hydroxypropyl (3C)  leaves  NA  NA  NA  NA  NA  NA 
  seed  ‐0.360  p = 0.050  ‐0.116  p = 0.555  0.360  p = 0.051 
3‐methylthiobutyl (3C)  leaves  NA  NA  NA  NA  NA  NA 
  seed  ‐0.034  p = 0.857  ‐0.005  p = 0.981  0.016  p = 0.933 
4‐methylthiobutyl (4C)  leaves  NA  NA  NA  NA  NA  NA 
  seed  0.394  p = 0.031  0.025  p = 0.899  ‐0.430  p = 0.018 
7‐methylsulfinylheptyl  leaves  NA  NA  NA  NA  NA  NA 
  seed  0.478  p = 0.008  0.177  p = 0.365  ‐0.566  p = 0.001 
7‐methylthioheptyl  leaves  0.423  p = 0.019  ‐0.012  p = 0.953  ‐0.197  p = 0.296 
  seed  0.570  p = 0.001  ‐0.156  p = 0.426  ‐0.557  p = 0.001 
Total 7C aliphatic glucosinolates  leaves  0.487  p = 0.006  0.002  p = 0.991  ‐0.278  p = 0.137 
  seed  0.578  p = 0.0008  ‐0.090  p = 0.646  ‐0.586  p = 0.0006 
8‐methylsulfinyloctyl  leaves  0.474  p = 0.008  ‐0.078  p = 0.694  ‐0.380  p = 0.039 
  seed  0.178  p = 0.348  0.141  p = 0.473  ‐0.292  p = 0.117 
8‐methylthiooctyl  leaves  0.210  p = 0.266  ‐0.038  p = 0.846  0.012  p = 0.949 
  seed  0.069  p = 0.719  ‐0.088  p = 0.655  ‐0.117  p = 0.539 
Total 8C aliphatic glucosinolates  leaves  0.416  p = 0.022  ‐0.034  p = 0.862  ‐0.202  p = 0.284 
  seed  0.115  p = 0.544  ‐0.007  p = 0.970  ‐0.196  p = 0.298 
Total methylsulfinyl glucosinolates  leaves  0.469  p = 0.009  ‐0.017  p = 0.930  ‐0.469  p = 0.009 
  seed  0.232  p = 0.217  0.147  p = 0.454  ‐0.353  p = 0.056 
Total aliphatic glucosinolates  leaves  0.159  p = 0.401  ‐0.027  p = 0.892  ‐0.144  p = 0.447 
  seed  0.184  p = 0.330  ‐0.050  p = 0.801  ‐0.333  p = 0.072 
               
Total glucosinolates  leaves  0.298  p = 0.109  ‐0.116  p = 0.556  ‐0.186  p = 0.326 
  seed  0.162  p = 0.391  ‐0.061  p = 0.757  ‐0.341  p = 0.065 
 
   
 
relationship between pot volume and parameters was 
assumed to be linear or log-linear (although parameters 
always increased or decreased systematically with pot size). 
In larger pots the estimated asymptotic mass, Ai was higher 
(F2,1039 = 9.23, p = 0.0001, Table 2) but the rate parameter, 
ri was slightly lower (F2,1039 = 16.02, p < 0.0001, Table 2). 
There was a significant effect of sown seed mass on the 
estimated initial mass, Mi,0 , (F1,987 = 17.18, p < 0.0001) 
which is expected if larger seeds produce larger seedlings. 
For the random effects, lines varied significantly only in the 
rate parameter, ri (χ2 = 20.9, df = 3, p < 0.0001); the 
asymptotic mass did not vary among lines (χ2 = 3.16, df = 
3, p = 0.368), nor was there any significant residual 
variation among lines in the estimated initial mass, Mi,0 
once sown seed mass was fitted (χ2 = 3.11, df = 1, p = 
0.078). The lack of a genotype effect on asymptotic mass 
probably reflects the pot-grown conditions, in which final 
size is strongly limited by pot size (Paul-Victor & 
Turnbull, 2009). Size-standardised RGR was calculated for 
each line in the largest pot size using parameters taken from 
the final model and a reference mass, Mref equal to the 
average mass of the plants half-way through the experiment 
(eqn 4). However, because only one parameter, ri varied 
among lines, the relative ranking of lines with respect to 
growth rates is independent of the choice of reference mass. 
The relative ranking of genotypes is also independent of 
pot size, as there was no RIL × pot size interaction. In 
addition, this indicates that across-experiment comparisons 
are unlikely to be influenced by pot size differences. Size-
standardised RGR was negatively correlated with RGRav (r 
= -0.788, P < 0.0001, df = 29) and uncorrelated with 
RGRearly (r = -0.062, P = 0.749, df = 27).  
 
 
Understanding relationships between seed size 
and RGR 
To understand the relationships between seed size, 
conventional RGR and size-standardised RGR we show 
some simple results for the expected relationship between 
seed size and RGR assuming plant growth can be 
adequately modelled by the asymptotic regression equation 
above (eqn 2). In this case, we first assume that lines differ 
only in their seed mass (Mi,0) and that there are no true 
differences among lines in the two growth parameters (the 
rate parameter, ri and the asymptotic mass, Ai). We thus 
assume that each line has an initial mass (Mi,0) given by its 
seed size and hence we can calculate the expected mass of 
each line at harvest 1 and harvest 6 using eqn 4 and average 
values of ri and Ai estimated for the largest pot size (Table 
2). We can then use these values to calculate RGRav for 
each line (eqn.1). This reveals that while RGRav is 
negatively correlated with seed size, size-standardised RGR 
(eqn 4) is the same for all lines (Fig. 2a and 2b). As other 
growth parameters are identical among lines, the variation 
in conventional RGR is entirely due to differences in initial 
mass, demonstrating that conventional RGR is sensitive to 
these differences. In contrast, size-standardised RGR 
correctly identifies that the growth parameters are identical.  
Secondly, we can see the effect of including the line-
specific differences in the rate parameter, ri estimated by 
the model-fitting process. If we include these differences, 
the negative relationship between seed mass and 
conventional RGR persists (Fig. 2c), because RGR is very 
sensitive to differences in seed mass but relatively 
insensitive to differences in the growth parameter, ri. 
Conventional RGR and size-standardised RGR are 
negatively correlated with each other because conventional 
RGR is negatively correlated with seed mass but there is a 
positive correlation between seed mass and size-
standardised RGR. Thus lines with heavy seeds have low 
conventional RGR and high size-standardised RGR, while 
those with lighter seeds have high conventional RGR and 
low size-standardised RGR (Fig. 2c vs. 2d).  
 
Secondary metabolites and herbivory 
Among lines, damage by the specialist herbivore P. 
xylostella was positively correlated with size-standardised 
RGR, meaning that fast-growing lines suffered the most 
damage (Fig. 3a). In contrast, RGRav was negatively 
correlated with damage suffered (fast-growing lines suffered 
the least damage; Fig. 3b) and RGRearly showed no 
correlation with herbivore damage (Fig. 3c). Correlations 
of damage by T. ni with RGR had the same direction as for 
P. xylostella, but were non-significant (not shown). Ten 
single glucosinolate compounds were assayed in the leaves, 
Figure  2  Expected  relationships  between  seed  size  and  RGR 
assuming  plant  growth  can  be  adequately  modelled  by  an 
asymptotic  regression  equation.  In  a  and  b we  assume  that 
there are no differences in the parameters of the growth rate 
equation other than differences in initial mass, while in c and 
d we incorporate the estimated among‐line differences in the 
rate parameter, ri. 
   
 
the seeds or both (Table 3). As expected if defensive 
compounds have a growth cost, correlations between size-
standardised RGR and ten glucosinolate compounds were 
predominantly negative in sign (Table 3). In fact, of the 26 
correlations carried out in total, 23 were negative in sign. 
In contrast, correlations of chemical compounds with 
RGRav were positive for all but one compound, while no 
correlation between chemical compounds and RGRearly was 
found (Table 3). Damage by the specialist herbivore was 
also negatively correlated with most glucosinolate 
compounds. Again out of 26 possible correlations, 23 were 
negative in sign although individual correlations were only 
significant in the case of the indolic glucosinolates (Table 
S2).  
In general, correlations between size-standardised RGR 
and glucosinolate concentrations were stronger for seeds 
than for leaves, although not all compounds were measured 
in leaves, reducing the potential for significant correlations.  
 
Discussion 
The importance of size standardisation 
RGR has for many years been accepted as a standardised 
way of measuring and comparing the growth rates of 
different species or genotypes. This is despite the fact that 
several authors have highlighted the problems with such 
comparisons when the species or genotypes vary in size 
(Poorter & Remkes, 1990; Reich et al., 1998). 
Instantaneous RGR is expected to decline with size for 
both physiological reasons (large plants generally have to 
allocate more carbon to non-photosynthetic support tissue 
(Enquist et al., 1999; West et al., 2001)) and for reasons of 
resource restriction (large plants are increasingly unable to 
extract sufficient resources to maintain former growth 
rates). However, because the seed size variation observed in 
Arabidopsis thaliana is only 2−3 fold, it might reasonably be 
asked whether this variation is large enough to cause a 
problem. Here we have demonstrated that the seed mass 
variation in the Ler x Cvi population is sufficient to 
generate a spurious negative correlation between 
conventional RGR and seed size, even when there is no 
true underlying variation in physiological growth rates. 
Thus, the method could be more widely used to 
disentangle the effects of size from other physiological 
differences among lines, not just those differences 
associated with defence (Coleman & McConnaughay, 
1995; McConnaughay & Coleman, 1999; Bernacchi et al., 
2000). It should also be noted that non-destructive 
methods of measuring plant biomass (or leaf area) are 
increasingly available, perhaps removing the need for 
destructive harvests and hence avoiding some of the 
additional work associated with this method (e.g. see 
Durham Brooks et al., 2009 for a new method of 
measuring root growth continuously).  
 
The costs of defence 
Traditionally, the costs of enhanced investment in defence 
have been assessed by comparisons of final seed set, as this 
is more directly correlated with fitness (Bazzaz et al., 1987; 
Purrington & Bergelson, 1997; Mauricio, 1998). However, 
in the Arabidopsis lines analysed here, genotypes differed in 
the rate at which the asymptote was approached, and not in 
the asymptotic mass. Hence, it could be argued that a 
reduction in early growth rate does not represent a true 
fitness cost. However, a reduction in early growth rate 
could translate into a substantial fitness cost when plants 
are growing in competition rather than alone in individual 
pots. Rapid early growth allows resource pre-emption and 
therefore might be a good surrogate for competitive ability 
in short-lived annual plants (Grime, 2002). Loss of 
competitive status as a result of allocation to defence 
instead of early growth is a mechanism sometimes 
described as an ‘opportunity cost’ (Coley et al., 1985), 
which is more easily detected when plants are growing in 
competition (reviewed in Koricheva, 2002). 
Figure 3 Residual herbivory means  for P. xylostella plotted against  the  three measures of RGR. Values of  rP  represent Pearson’s 
product moment correlation. Only the correlation between herbivore damage and size‐standardised RGR is significant.  
   
 
Using the new RGR methodology, we were able to show 
that size-standardised growth rates were negatively 
correlated with a variety of glucosinolate compounds but 
positively correlated with herbivore damage. This supports 
the basic assumptions of plant defence theory which 
assumes that the optimal level of defence represents a 
balance between the costs of defence and the likelihood and 
severity of the expected attack (Herms & Mattson, 1992). 
In contrast, the direction of these correlations is reversed 
when using conventional RGR. Thus, if conventional RGR 
is to be believed, we would conclude that faster-growing 
lines produce more secondary metabolites and suffer less 
damage from herbivores, in common with some other 
studies using conventional RGR (Almeida-Cortez et al., 
1999; Almeida-Cortez & Shipley, 2002). It thus seems that 
the lack of negative correlations between growth rates and 
defensive compounds in some published studies could at 
least partly be due to the lack of size-standardisation when 
calculating growth rates. 
The negative correlations between size-standardised 
growth rate and glucosinolate concentration were stronger 
for some individual compounds than for total 
glucosinolates (Table 3). Similarly, glucosinolate 
compounds cannot be treated as a single defence 
mechanism as there is structural specificity to their 
effectiveness against various insects, as demonstrated in 
both lab and field studies (Bidart-Bouzat & Kliebenstein, 
2008; Hansen et al., 2008). However, glucosinolates are 
products of complex metabolic pathways (e.g. Halkier & 
Gershenzon, 2006) and it might be that cellular processes 
independent of defence and growth influence their 
concentration and thus mask the trade-off pattern. 
Correlations between growth rates and glucosinolate 
concentration for all compounds were usually stronger in 
the seeds than in the leaves. The concentration in the seeds 
might better reflect the life-time metabolic potential of the 
maternal plant as of all plant organs, seeds have the highest 
proportion of glucosinolates per unit dry weight; as such 
they might incur a particularly high cost to the maternal 
plant (Brown et al., 2003). Additionally some seed 
glucosinolates are derived from leaf-glucosinolates 
(Kliebenstein et al., 2007; Nour-Eldin & Halkier, 2009). 
As a consequence, seed glucosinolates may correlate better 
with the growth rate calculated here, as this measure of 
growth is calculated over the whole lifespan of the plants, 
including the period of seed production. 
 
Methodological considerations 
The use of a homozygous RIL population, in which genetic 
variation is stable, allowed us to combine data from the 
present experiment with data on herbivory and 
glucosinolates collected in other experiments on the same 
RIL population. This is a well-established concept that has 
allowed for cross-comparison across numerous 
experimental conditions for a given RIL population, e.g. 
identifying causal links between transcriptome and 
metabolome variation even though the experiments were 
separated by several years (West et al., 2006; Keurentjes et 
al., 2007; Sønderby et al., 2007; Wentzell et al., 2007; 
Hansen et al., 2008; Keurentjes et al., 2008; Fu et al., 
2009; Sulpice et al., 2009). It has also been established that 
the main QTLs controlling glucosinolate structure and 
concentration within this population do not show extensive 
genotype × environment interactions within the rosette 
(Kliebenstein et al., 2001a; Kliebenstein et al., 2002). 
Thus, although the measurements were made at three 
different points in time, this simply decreases our statistical 
power to find significant effects and should not introduce 
potential bias. The strength of the negative trade-off 
between growth and defence could therefore be under-
estimated.  
Correlative analyses such as those presented in this paper 
are not causal and are most effective for generating new 
hypotheses. Our analysis also raises the possibility that 
some of the costs of secondary metabolites are masked by 
cellular processes not directly associated with growth and 
defence. In Arabidopsis, such hypotheses require more 
rigorous testing with additional, larger RIL populations or 
by exploiting mutational variation. We hope, however, that 
the methods presented in the paper will better allow future 
studies to better estimate the costs of defence. 
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SUPPLEMENTARY INFORMATION 
 
Table S1: Information about the 32 lines selected for the study. The two accessions Ler and 
Cvi are the parents. The 30 remaining recombinant inbred lines are derived from reciprocal 
crosses between the two parents. 
 
NASC RIL Koornneef 
Published Seed Mass (*) 
[mg] 
Sown Seed mass (**) 
[mg] 
ERECTA 
mutation 
N8581 Ler  0.0193 0.0202 1 
N8580 Cvi  0.0351 0.0348 0 
N22002 CVL3  0.0162 0.0129 1 
N22014 CVL15  0.0145 0.0193 0 
N22018 CVL19  0.0251 0.0263 1 
N22026 CVL27  0.0275 0.0270 1 
N22030 CVL31  0.0295 0.0334 0 
N22033 CVL34  0.0236 0.0297 0 
N22036 CVL37  0.0325 0.0399 0 
N22037 CVL38  0.0150 0.0188 0 
N22038 CVL39  0.0202 0.0258 0 
N22043 CVL44  0.0242 0.0285 0 
N22051 CVL53  0.0327 0.0310 1 
N22057 CVL60  0.0286 0.0393 1 
N22059 CVL62  0.0190 0.0224 0 
N22094 CVL124  0.0274 0.0252 1 
N22095 CVL125  0.0200 0.0214 0 
N22098 CVL128  0.0273 0.0274 0 
N22099 CVL129  0.0243 0.0268 0 
N22105 CVL135  0.0327 0.0348 1 
N22107 CVL137  0.0302 0.0314 0 
N22109 CVL139  0.0217 0.0231 0 
N22112 CVL142  0.0315 0.0318 1 
N22124 CVL154  0.0317 0.0323 0 
N22128 CVL158  0.0373 0.0411 1 
N22130 CVL160  0.0361 0.0402 1 
N22132 CVL162  0.0256 0.0221 1 
N22138 CVL168  0.0334 0.0299 0 
N22148 CVL178  0.0207 0.0226 1 
N22149 CVL179  0.0223 0.0243 1 
N22156 CVL187  0.0183 0.0192 1 
N22160 CVL191  0.0280 0.0257 1 
 
(*) Source: Alonso-Blanco et al., 1999. 
(**) Source: Arabidopsis center (TAIR). 
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Table S2: Coefficients of Pearson’s product moment correlation describing the relation of 
individual glucosinolates in leaves and seeds with herbivore damage of the specialist Plutella 
xylostella (size-corrected). Concentrations of compounds were log- or squareroot-transformed 
where necessary to meet the assumptions of normality. 
  Herbivore damage P. xylostella  
indolyl-3-methyl leaves -0.216 p = 0.253 
 seed -0.323 p = 0.082 
1-methoxy-indolyl-3-methyl leaves NA NA 
 seed -0.130 p = 0.493 
4-methoxy-indolyl-3-methyl leaves -0.135 p = 0.479 
 seed NA NA 
Total indolic glucosinolates leaves -0.144 p = 0.447 
 seed -0.393 p = 0.032 
    
3-hydroxypropyl (3C) leaves NA NA 
 seed 0.284 p = 0.128 
3-methylthiobutyl (3C) leaves NA NA 
 seed -0.103 p = 0.590 
4-methylthiobutyl (4C) leaves NA NA 
 seed -0.211 p = 0.263 
7-methylsulfinylheptyl leaves NA NA 
 seed -0.320 p = 0.085 
7-methylthioheptyl leaves -0.081 p = 0.670 
 seed -0.306 p = 0.100 
Total 7C aliphatic glucosinolates leaves -0.145 p = 0.443 
 seed -0.323 p = 0.081 
8-methylsulfinyloctyl leaves -0.319 p = 0.086 
 seed -0.147 p = 0.439 
8-methylthiooctyl leaves -0.048 p = 0.800 
 seed 0.041 p = 0.831 
Total 8C aliphatic glucosinolates leaves -0.179 p = 0.343 
 seed -0.031 p = 0.873 
Total methylsulfinyl glucosinolates leaves -0.197 p = 0.297 
 seed -0.217 p = 0.250 
Total aliphatic glucosinolates leaves -0.299 p = 0.109 
 seed -0.102 p = 0.590 
    
Total glucosinolates leaves -0.215 p = 0.254 
 seed -0.143 p = 0.451 
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Figure S1. Destructive harvest data for the thirty RILs (the Ler parent is not shown) grown in 
one pot size (pot diameter = 30 mm) with fitted curves from the final model. 
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Using knockout mutants to reveal the 
growth costs of defensive traits 
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We used a selection of Arabidopsis thaliana mutants with knockouts in defence genes to demonstrate growth 
costs of trichome development and glucosinolate production. Four of the seven defence mutants had signifi-
cantly higher size-standardised growth rates (SGR) than the wildtype in early life, although this benefit de-
clined as plants grew larger. SGR is known to be a good predictor of success under high-density conditions, 
and we confirmed that mutants with higher growth rates had a large advantage when grown in competition. 
Despite the lack of differences in flowering-time genes, the mutants differed in flowering time, a trait strongly 
correlated with early growth rate. Aphid herbivory decreased plant growth rate and increased flowering time, 
and aphid population growth rate was closely coupled to the growth rate of the host plant. Small differences in 
early SGR thus had cascading effects on both flowering time and herbivore populations. 
Keywords: herbivore defence; size-standardised growth rate; glucosinolates; trichomes; Arabidopsis 
 
1. INTRODUCTION 
Plants deter herbivores through physical structures such as 
spines, thorns and hairs that reduce damage to leaf tissue [1, 
2] and by producing toxic chemical compounds that reduce 
the growth rate or reproductive output of their enemies [3]. 
Such defences are assumed to be costly as they divert the 
plant’s resources away from growth and reproduction [4-6]. 
However, experimental studies addressing fitness/defence 
trade-offs frequently fail to find the expected negative corre-
lations [7-10], raising the question of whether such trade-
offs are absent in many organisms (possibly through mecha-
nisms which alleviate costs while maintaining resistance), or 
whether the methods employed to find them are inadequate 
[11]. 
Arabidopsis thaliana (L.) is attacked by a variety of path-
ogens [12] and herbivores, which include leaf-chewing 
caterpillars, sap-sucking aphids, flea beetles and leaf miners 
[13, 14]. As defence against these herbivores, Arabidopsis 
produces leaf hairs, called trichomes, and glucosinolates, a 
group of secondary metabolites [13]. Glucosinolate com-
pounds are produced by all species of the Brassicaceae [15] 
and plants show large variation for this trait in the field [16], 
most likely as a consequence of differential selection by 
herbivore communities [17]. The majority of glucosinolates 
either have aliphatic or indolic side-chains [18]. Both types 
of glucosinolates negatively affect generalist leaf-chewing 
herbivores while aliphatic glucosinolates tend to affect these 
herbivores more severly [19-22]. Phloem-feeding aphids are 
mainly impaired by indolic glucosinolates [23] although 
there is evidence from field studies that some aphid species 
are also impaired by aliphatic glucosinolates [24]. Previously, 
we demonstrated that the production of glucosinolate com-
pounds appeared to be costly to the plant, as there was a 
negative correlation between plant growth rate and glucos-
inolate content [11]. We also showed that slow-growing 
plants suffered reduced herbivore damage. While suggestive, 
these correlations are not proof of causal relationships. In-
stead, the costs of defensive traits can be more directly esti-
mated using knockout mutants, in which defence genes are 
disabled artificially. Ideally, knockout mutants only differ 
from the wildtype in target genes, and if mutant phenotypes 
are not more extreme than the phenotypes of naturally-
occurring variants, we believe that such mutants can be used 
to address ecological questions. 
In this study we compared the growth rate of mutants 
reduced in specific defence mechanisms with the wildtype. 
We conducted a multiple-harvest experiment and calculated 
size-standardised relative growth rates (SGR), for a range of 
plant sizes [see also 11, 25]. A reduction in early growth rate 
is a likely consequence of diverting resources to defence; 
however, it is possible that for isolated plants growing with 
no competition there will be no measurable reduction in 
final seed output. This could occur because the resources 
diverted to defence compounds early in life can be later 
reclaimed and redirected to the seeds. However, under 
competitive conditions, a reduction in growth rate is likely 
to have severe fitness costs; for example, Fakheran et al. [26] 
showed that early growth rate was a very good predictor of 
success when a mixture of Arabidopsis genotypes were grown 
under high-density, competitive conditions. However, when 
grown alone, these same genotypes did not differ in their 
final biomass [11]. 
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In this study, we compared the growth rates of nine mu-
tants with the wildtype in the presence and absence of the 
generalist aphid Myzus persicae. We also compared the 
growth rate of the aphid population on each of the ten 
genotypes and related this to the plant growth rate. Finally, 
we grew a subset of the genotypes in competition to test 
whether differences in early growth rates had greater fitness 
consequences under competitive conditions. 
2. MATERIALS AND METHODS 
(a) Knockout mutants 
We used knockout mutants created in the genetic back-
ground of the Arabidopsis accession Columbia (Col-0, see 
Table S1 for a description of mutant phenotypes). One 
mutant (gl1-2) was originally created by x-ray mutagenesis 
and is deficient in trichome formation: the early leaves are 
entirely glabrous and there is greatly reduced trichome den-
sity on later leaves compared with the wildtype [27]. The 
gl1-2 mutant also shows decreased phenolic defence expres-
sion (Daniel J. Kliebenstein, unpublished data). All other 
mutants were originally created by T-DNA insertion. The 
mutants myb28, myb29 and myb28myb29 contain knock-
outs in transcription factors that decrease expression of 
aliphatic glucosinolates [21, 28] and the genotypes cyp79B2, 
cyp79B3 and cyp79B2cyp79B3 contain enzyme knockouts 
that decrease or abolish the indolic glucosinolate and 
camalexin pathways [29]. The genes MYB28/MYB29 and 
CYP79B2/CYP79B3 are tandem duplicated genes within 
their respective cellular pathway and are traditionally consid-
ered redundant [28, 29]. To control for non-target effects of 
transgenic plants such as the cost of expression of selection 
marker genes, we included two genotypes with knockouts in 
genes not associated with defence and with no predicted 
fitness costs: ppi1-2 and nst1-2 [30, 31]. 
Even though all mutants used here were originally creat-
ed by artificial gene knockout, similar phenotypes can be 
found in natural accessions of Arabidopsis. For example, the 
accessions est-0 (NASC 1148) and wil-3 (NASC 1598) are 
both completely glabrous, and glucosinolate levels vary 
considerably among natural accessions [32]. 
 
 
(b) Experimental design 
Plants were grown in a mixture of peat- based substrate 
(PP7, Tref Group, The Netherlands) and sand in a ratio 
1:1. Each pot (diameter = 40 mm, depth = 70 mm) was 
sown with five seeds and cold stratified at 4° C for 48 hours. 
The pots were then moved to a glasshouse with supple-
mental artificial light at a 16h light / 8h dark cycle and 26° 
C day / 22° C night temperature. Plants were watered twice 
a week throughout the experiment and no additional nutri-
ents were supplied. Five days after sowing, seedlings were 
thinned to leave only the most central seedling. Bolting 
(initiation of the flowering stem) was recorded for each plant 
to the nearest day. Six plants per genotype were harvested on 
days 5, 9, 13, 18, 23, 29 and 35 after germination. On day 
5, the herbivore treatment was initiated by placing a single 
1st instar aphid onto half of the remaining plants. The off-
spring of the introduced aphids (F1) were counted and 
removed at each harvest to keep herbivore pressure roughly 
constant among plant genotypes.  
 
(c) Size-standardised RGR of plants 
We fitted an asymptotic regression model log(aboveground 
biomass) through time: 
? ? ? ?trAMAM iiiiti )exp(exp())log(log 0,, ????  (2.1) 
where Mi,0 is the starting mass of genotype i at 0?t , Ai is 
the asymptotic mass as ??t  and ri is the logarithm of 
the rate constant. The model was fitted with the function 
gnls in R [33] with genotype treated as a fixed effect. Models 
were compared based on their AIC values and size-
standardised growth rates (SGR) were calculated with pa-
rameters taken from the best model. SGR is given by 
? ?)log()exp( refiii MArSGR ??  (2.2) 
where Mref is a reference mass (for derivation of equation 2.2 
see Appendix S1 and [25]). 
 
 
(d) Prediction intervals on SGR 
Gnls produces point estimates and confidence intervals for 
the two estimated model parameters, the rate constant ri and 
the asymptotic mass Ai. To estimate confidence intervals for 
SGR (a function of these two parameters), we generated 
population prediction intervals [34, 35]. The method as-
sumes that the distribution of the parameters is multivariate 
normal with a variance-covariance matrix given by the 
inverse of the information matrix. We used the function 
mvrnom, which selects multivariate normal random deviates, 
and the variance-covariance matrix given by the function 
vcov. We generated 1000 sets of parameters to calculate a 
distribution of differences between wildtype and mutant 
SGRs. The lower and upper 95% quantile of these distribu-
tions are the boundaries of the prediction intervals. Mutant 
SGRs are significantly different from wildtype SGR if the 
prediction interval does not include zero. Point estimates of 
SGR and prediction intervals were calculated at two refer-
ence masses (Mref, equation 2.2): an early SGR using the 
average mass at age = 5 days and a late SGR using the aver-
age mass at age = 29 days. 
 
 
(e) Aphid rate of reproduction 
Aphid performance was analysed by fitting the same asymp-
totic model (equation 2.1) to the log-transformed cumula-
tive number of F1 aphids, thus generating a size-standardised 
relative growth rate of the aphid population. Estimates and 
prediction intervals of aphid SGR were calculated at two 
reference population sizes: 2 and 42 individuals, roughly 
corresponding to average offspring number on day 13 and 
29. 
 
 
(f) Early growth rate and competition 
To determine whether differences in early growth rate af-
fected the outcome of competition, we carried out a compe-
tition experiment with a subset of genotypes: myb28, myb29 
and the wildtype. Plants were grown in 5 x 5.5 cm pots 
filled with germination soil and maintained under long day 
(16h light / 8h dark) conditions in a controlled environment 
growth chamber. Prior to sowing, seeds were imbibed and 
cold stratified at 4° C for 3 days. In each pot, nine seeds were 
arranged into a square with an area of 1 cm2, thus closely 
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surrounding the central seed with eight neighbours. Mutant 
central seeds were either surrounded by their own genotype. 
or by the wildtype, while wildtype central seeds were sur-
rounded by myb28, myb29 or wildtype, resulting in a total 
of seven combinations. Each combination was replicated 12 
times, half of which were harvested after three weeks and 
half after four weeks. There was some germination failure 
and only pots with more than 5 neighbour plants were kept, 
thus the sample size was decreased to 31 pots in week 3 and 
28 pots in week 4. At day 18 for week 3 and day 25 for 
week 4, the rosette diameter of the central plant and two 
neighbours was recorded. Three days later, the same plants 
were harvested and fresh weight was measured. Fresh weight 
or rosette diameter were analysed as a function of target 
genotype, neighbour genotype and harvest week using linear 
models. 
3. RESULTS 
(a) SGR of plant genotypes 
The final asymptotic regression model included effects of 
plant genotype and herbivory on the rate constant ri and the 
asymptotic mass Ai as judged by comparing AIC values 
(Table S2, Figure S1). There was no herbivory × plant 
genotype interaction. For the following analysis, only results 
from the control (without aphids) are shown. 
Six of the seven defence mutants had significantly higher 
values of the rate constant ri than wildtype, while the two 
mutants with knockouts in other genes did not differ from 
wildtype (Table 1). In contrast, all mutants had lower values 
of the asymptotic mass Ai compared to wildtype (Table S2). 
Early SGR was significantly higher than wildtype for the 
glabrous mutant gl1-2, the indole glucosinolate mutants 
cyp79B3 and cyp79B2cyp79B3 and the aliphatic glucosin-
olate mutant myb28 (Figure 1a). In later life, mutants tend-
ed to have equal or lower SGRs than the wildtype (Figure 
1b). 
As an unexpected result, we found that across the ten 
genotypes, early SGR is an excellent predictor of mean 
bolting age (r = -0.813; F1,8 = 15.63, p = 0.004), i.e., fast-
growing genotypes flowered earlier. This demonstrates that 
changes in early growth rate can influence flowering time, 
despite the fact that the mutant genotypes in question did 
not contain altered flowering genes. This apparently direct 
link between early growth rate and flowering time is con-
firmed by the aphid treatment: aphid feeding also decreased 
growth rate but increased bolting age in all genotypes (Table 
1). 
 
(b) Aphid rate of reproductive output 
The asymptotic regression model included effects of plant 
genotype on the rate constant ri and the asymptotic mass Ai 
(Figure S2, Table S3). With the exceptions of ppi1-2 and 
nst1-2, none of the aphid SGRs calculated from this model 
were significantly different from wildtype (Figure 1c, d). 
However, the aphid rate of reproductive output on the 
different plant genotypes was strongly correlated with plant 
SGR at early stages (r = 0.877, F1,8 = 26.67, p = 0.0009), and 
this correlation, even though weakened, was still present at 
the end of the experiment (r = 0.630, F1,8 = 5.26, p = 0.051). 
Thus, aphid populations performed better on fast-growing 
genotypes. 
 
(c) SGR and competition 
Based on measurements of early SGR, we would predict 
that myb28 should outcompete the wildtype, whereas 
myb29 and wildtype should be equal competitors. In the 
analysis of fresh weight, neighbour genotype had a signifi-
cant effect on the target genotype (F2,23 = 5.74, p = 0.010). 
In week 4, myb28 target plants weighed 0.18 (± 0.06, 1SE) 
grams when surrounded by other myb28 plants, but 
weighed 0.41 (± 0.07, 1SE) grams when surrounded by 
wildtype plants. Wildtype plants surrounded by wildtype 
neighbours weighed on average 0.29 (± 0.07, 1SE) grams, 
while wildtype plants surrounded by myb28 neighbours 
weighed only 0.09 (± 0.07, 1SE) grams. The weight of 
myb29 was not significantly affected by neighbour identity. 
The direction of the effects in week 3 and for rosette diame-
ter in both weeks was similar but non-significant. Thus, it 
seems that the observed significant difference in early growth 
rate between myb28 and wildtype has fitness consequences 
when the plants are grown in competition. 
 
4. DISCUSSION 
Six of the seven genotypes with knockouts in defence genes 
had a higher rate constant (ri) than the wildtype but the 
asymptotic mass (Ai) was lower for all mutants. As SGR is a 
function of both parameters, this meant that only four 
defence mutants had significantly higher early growth rate 
than the wildtype, and this difference decreased with in-
creasing plant size. The observed differences in early growth 
rate were relatively small, but these differences had large 
effects on target plant size when growing in competition. 
For example, myb28 has a higher initial growth rate than 
wildtype and thus should be able to outcompete it when the 
two genotypes are grown together. In support of this, myb28 
was more than twice as large with wildtype as with myb28 
neighbours and similarly, wildtype individuals were larger 
with wildtype than with myb28 neighbours. In contrast, the 
early growth rate of myb29 (which was only grown with 
either wildtype or myb29 neighbours in the competition 
experiment) is similar to wildtype and it was unaffected by 
neighbour identity when grown under competition. The 
large advantage observed under competitive conditions is 
not unexpected under scramble competition for resources, as 
a difference in early growth rate will lead to unequal resource 
uptake, and with a finite pool of resources, the plant with 
the higher uptake rate will gain a greater share of the total. In 
a recent study, Fakheran et al. [26] also showed that early 
growth rate was the best predictor of success in high-density 
competitive landscapes. Differences in growth rates among 
genotypes are thus also likely to be the underlying mecha-
nism creating the sometimes ambiguous results from studies 
looking at kinship effects on competitive ability of plants 
[e.g. 36, 37]. 
Early growth rate was also a very good predictor of flow-
ering time, a trait that varied by several days among geno-
types, despite identical flowering genes. Aphid herbivory also 
reduced early growth rate and increased flowering time, 
again indicating a possible causal link between early growth 
rate and the decision to flower. Small differences in early 
growth rate are therefore biologically relevant, leading to a 
disadvantage in competition and to delayed flowering. 
Hence the production of defensive traits, and the conse-
quent reduction in growth rate are likely to be costly to the 
plant. 
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Table 1. Parameters from the asymptotic regression model and 
bolting age of plant genotypes. Parameters for the wildtype are 
absolute values while the parameter values of mutants are differ-
ences from the wildtype. Bolting ages are absolute values. Aphid 
gives the overall difference in parameter values or age at bolting in 
the presence of aphids. Significant differences are in boldface. 
 
 
plant genotype 
rate 
constant (ri) 
asymptotic 
mass (Ai) 
bolting 
age 
Wildtype -2.25 3.58 18.6 
gl1-2 +0.12 -0.27 17.7 
cyp79B2 -0.00 -0.26 19.8 
cyp79B3 +0.18 -0.30 18.0 
cyp79B2cyp79B3 +0.16 -0.36 16.4 
myb28 +0.13 -0.29 17.8 
myb29 +0.10 -0.37 17.3 
myb28myb29 +0.12 -0.64 20.1 
nst1-2 +0.06 -0.71 19.6 
ppi1-2 -0.04 -0.21 22.2 
    
Aphid -0.06 -0.14 +0.47 
 
This supports findings from field experiments which show 
that both trichomes and glucosinolates have a visible fitness 
cost if herbivores are eliminated [e.g. 13]. It also supports 
theoretical work that assumes such a trade-off between 
defence and fitness.  
Surprisingly, genotypes with knockouts in the homolo-
gous gene pairs MYB28/MYB29 and CYP79B2/CYP79B3 
had relatively large differences in their growth rate. cyp79B2 
grew more slowly than cyp79B3 and the double mutant, and 
myb28 grew faster than myb29 and the double 
myb28/myb29 mutant. MYB28 and MYB29 are not com-
pletely functionally redundant and there is evidence of an 
incoherent feed-forward loop involving these two genes that 
complicates our ability to place them in a linear pathway 
[38]. Likewise, CYP79B2 and CYP79B3 are not completely 
functionally redundant, with the genes having quantitative 
preferences to the camalexin versus indole glucosinolate 
pathways. How the fluxes are reshuffled in the single mu-
tants is not currently understood and as such, the double 
CYP79B2B3 is a cleaner background to directly interpret 
[39]. These data suggest that the genes MYB28/MYB29 and 
CYP79B2/CYP79B3 are involved in non-linear pathways 
that are not completely understood and will require further 
research to parse. This does suggest that single gene mutants 
in any background may be more complicated to interpret 
than is traditionally considered. 
Defence mutants benefited from the lack of defensive 
traits in early life; but, as plants grew larger, this benefit 
apparently disappeared. In contrast, the two mutants with 
knockouts in other (non-defence-related) genes performed 
worse than the wildtype at all sizes – a phenomenon that 
was not observed previously; hence these mutants were 
thought to be neutral [30, 31]. The poor performance of the 
two non-defence-related mutants in our study may be due 
to the growing conditions: our plants were grown in small 
pots in a sand/soil mixture with no additional nutrients, and 
this could be a more stressful environment than that nor-
mally used for genetic work. That all mutants had poorer 
performance at larger sizes is possibly due to pleiotropic 
effects, as disabling a gene usually affects several functions. It 
could also be due to the expression of selection marker 
genes, which might have associated costs (although this 
would not explain the poor performance of gl1-2, which is 
not a transgenic).  
According to optimal defence theory [40] plants should 
follow different defence strategies before and after bolting, 
hence the decline in mutant SGRs with respect to wildtype 
could also represent a change in the value of defensive traits. 
Prior to bolting, growth is mass dependent and removal of 
leaf tissue by herbivores should be particularly costly, thus 
plants should invest heavily in leaf defences. Mutant plants, 
unable to produce such defensive traits, then have additional 
resources available for growth. After bolting, the inflo-
rescence becomes the most valuable plant organ. However, 
at least part of the defensive compounds in the inflorescence 
are relocated from rosette leaves [18]; wildtype plants might 
thus synthesise less glucosinolates de-novo during the post-
flowering period, hence decreasing the relative advantage of 
knockout mutants. 
All plant genotypes were similarly susceptible to aphid 
herbivory and aphid performance was not generally better 
on genotypes with knockouts in defence genes. However, if 
aphids remove a constant fraction of the plant’s resources, 
we still expect faster-growing plants to support higher aphid 
population growth (see Hautier et al. [41] for a similar 
situation with a parasitic plant, Rhinanthus alectorolophus). 
This was indeed the case, as aphid population growth rate 
was strongly correlated with plant SGR. The relatively small 
differences in aphid population size on wildtype and mutant 
plants in our study is probably partly a result of keeping 
aphid densities low by constantly removing offspring. Low 
herbivore densities might in turn be unable to trigger a full 
defensive response by the plants; as part of the defence re-
sponse of Arabidopsis is only induced by herbivore feeding 
[23, 42, 43]. That high concentrations of certain glucosin-
olate compounds can affect aphid feeding has been shown 
by Kim & Jander [23], who demonstrated that indolic, but 
not aliphatic glucosinolates deterred M. persicae when ap-
plied in artificial diets. However, Kim et al. [44], too, failed 
to show increased aphid reproduction on the 
cyp79B2cyp79B3 double-knockout mutant and only 
demonstrated decreased reproduction on a mutant overex-
pressing indolic glucosinolates. The specific mechanism 
involved in plant defence against aphids thus remains un-
clear, while the relevance of glucosinolates in defence against 
leaf-chewing herbivores has been demonstrated repeatedly 
[19-22]. 
In summary, mutants with knockouts in defence genes 
generally grew faster at small sizes than the wildtype. This 
enhanced early growth rate gave them an advantage in 
competition and allowed them to flower earlier. Combined 
with earlier work demonstrating a negative correlation be-
tween glucosinolate concentrations and growth rates, this 
study supports the hypothesis that the defence traits of 
Arabidopsis are costly to the plant. While knockout mutants 
helped to reveal these costs, such mutants can exhibit 
growth disadvantages, particularly in later life, and especially 
when grown under nutrient-poor conditions, and hence 
should be used with caution.  
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Figure 1. Differences in size-standardized relative growth rates (SGRs) of mutant plants from wild-type in (a,b) and (c,d ) 
population SGRs of aphids feeding on mutant plants. For plants, early SGR is calculated for average mass (a) at age = 5 days 
and (b) at age = 29 days, while for aphids, SGR is calculated at the average population size (c) when plant age = 13 days and 
(d) when plant age = 29 days. Dotted lines represent zero difference from wild-type in SGR, error bars show 95% prediction 
intervals. 
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Appendix S1. Derivation of eqn 2. 
Plant biomass is log-transformed giving: 
  ))exp(exp())(log(log 0,, trAMAM iiiiti                                eqn S1 
The time required to reach a given reference mass, Mref, is given by 
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RGR is given by d(log(Mt))/dt, hence eqn S1 can be differentiated by substituting for t=t(Mref) 
to calculate SGR. This gives 
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Table S2. Candidate models for the asymptotic regression model of plant growth. The first 
line is the full model where there are interactive effects of line identity and herbivory 
treatment on all three model parameters (Ai, ri and Mi,0). Stars (*) represent significant terms 
based on F-tests. A reduction of two AIC units is generally accepted to indicate a preferred 
model. Based on this criterion, the final preferred model is marked in boldface. 
Asymptotic mass (Ai) Rate constant (ri) Starting mass (Mi,0) AIC 
Line x Herbivory*** Line x Herbivory*** Line x Herbivory 223.91 
Line x Herbivory*** Line x Herbivory** Line + Herbivory* 216.44 
Line x Herbivory*** Line x Herbivory* Herbivory* 213.46 
Line x Herbivory** Line*** + Herbivory*** Herbivory* 204.60 
Line*** + Herbivory*** Line*** + Herbivory*** Herbivory· 192.25 
Line*** + Herbivory*** Line*** + Herbivory***  194.51 
Line*** Line***  217.30 
* P<0.05; **P<0.01; ***P<0.001 
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Table S3. Candidate models for the asymptotic regression model of aphid rate of 
reproduction. The first line is the full model where there are effects of line identity on all three 
model parameters (Ai, ri and Mi,0). Stars (*) represent significant terms based on F-tests. A 
reduction of two AIC units is generally accepted to indicate a preferred model. Based on this 
criterion, the final preferred model is marked in boldface. 
 
Asymptotic number Rate constant Starting number AIC 
Line*** Line*** Line 26.71 
Line*** Line***  22.12 
Line***   52.41 
* P<0.05; **P<0.01; ***P<0.001 
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Figure S1. Data plus fitted growth curves for the ten plant lines (wildtype (col-0) plus the nine 
knockout mutants) in the absence of herbivory using parameters taken from the final model. 
On each panel the line-specific regression (solid line) is shown together with the growth curve 
of the wildtype (dotted line). Vertical dashed lines represent the average bolting age observed 
in each line. 
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Figure S2. Data plus fitted curves for the number of F1 aphids on the ten plant lines (wildtype 
(col-0) plus the nine knockout mutants) using parameters taken from the final model. On each 
panel the line-specific regression (solid line) is shown together with the growth curve from 
the wildtype (dotted line). First offspring production was noted on the third harvest date (8 
days after introduction of the focal aphid). 
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ABSTRACT 
Premise of the study: High-throughput methods for automated phenotyping are increasingly 
powerful, affordable and available for academic research. Such automated methods have 
many advantages including the ability to measure large sample sizes with high precision while 
removing the need for destructive sampling. However, while such systems have the potential 
to uncover otherwise overlooked phenotypic patterns in plants, they also highlight the need 
for biologically meaningful statistical methods to analyse the very large datasets they create. 
Methods: In this paper we use a recently published dataset (Arvidsson et al., 2011) generated 
by a camera-based plant phenotyping system to demonstrate some of the advantages of non-
linear over polynomial linear analysis methods for calculating and comparing plant growth 
rates.  
Key results: We demonstrate the following limitations of the polynomial linear model 
analysis: 1) the parameters have no clear biological meaning; 2) predictions are poor beyond 
the range of the data and 3) there is no clear underlying growth process, for example, it would 
be impossible to simulate new plants growing in new situations. In contrast, we show how 
non-linear models do not suffer from these problems and in addition allow the calculation of 
relative growth rates at one or more common sizes. 
Conclusions: In the case examined here, comparison of relative growth rates at common sizes 
overturns the original conclusions of the authors and instead suggests that some of the 
differences revealed by the linear model analysis are unlikely to be biologically significant. 
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INTRODUCTION 
High-throughput methods for automated phenotyping can accurately measure large numbers 
of plants while removing the need for destructive sampling. However, such systems highlight 
the need for biologically meaningful statistical methods to analyse the very large datasets they 
create. In this paper we use a recently published dataset of daily rosette-area measurements of 
Arabidopsis thaliana (Arvidsson et al., 2011) to demonstrate some of the advantages of non-
linear regression analyses (or non-linear mixed-effects models) over linear methods for 
calculating and comparing growth rates.  
Conventional relative growth rate (RGR) is a problematic measure of growth since 
RGR is usually size-dependent, giving smaller individuals higher values than large ones, even 
if they share an identical growth rate at a common size (Turnbull et al., 2008; Rose et al., 
2009; Taylor et al., 2010; Renton & Poorter, 2011). In the past, we, and others, have found 
that using non-linear growth functions and size-standardised growth rates (SGR) in place of 
log-linear functions and conventional RGR produces predictions that are biologically more 
meaningful (Rose et al., 2009; Paul-Victor et al., 2010).  
Plants can only rarely sustain exponential growth (linear increases when biomass is 
transformed on the log-scale). As plants get larger, deviations from exponential growth can 
occur for a variety of reasons, including increasing allocation to structural non-photosynthetic 
tissue, self-shading of the leaf canopy and increasing belowground resource limitation (Evans, 
1972; Ingestad & Agren, 1992; Maranon & Grubb, 1993; Enquist et al., 1999). This problem 
is most severe if RGR is calculated from only two size measurements because deviations from 
a log-linear function are not detectable and hence neglected. One solution to account for non-
linearity is the fitting of polynomial models in a linear model framework (Poorter, 1989). 
However, polynomials have the following key problems: 
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1) Interpretation: polynomial equations are purely empirical models that introduce arbitrary 
levels of curvature as required to fit patterns in a given dataset. It is therefore difficult to make 
biological interpretations of the coefficients in a polynomial model (Pinheiro & Bates, 2000; 
Paine et al., in press). 
2) Prediction: while polynomials, by their very nature, can potentially provide an excellent fit 
to the observed values, they tend to make poor predictions beyond the range of the data. 
3) Over-fitting: polynomials do not assume any particular underlying growth process. There is 
therefore a risk that they will ‘overfit’, mistaking curvature introduced by noise for a genuine 
change in growth rate; in these cases the model would be expected to perform poorly when 
applied to new datasets. For example, analysis of a new dataset might mistakenly detect an 
apparently significant cubic term (a false positive). In contrast, adopting a non-linear function 
such as the power law constrains us to only consider patterns of growth we think are realistic 
based on the underlying biology. 
In contrast, non-linear models assume some underlying growth process and can be 
seen as semi-mechanistic. This means that their coefficients are easier to interpret, that they 
are more likely to make better predictions and, because of the constraint imposed by the 
assumed underlying growth process, they are less likely to overfit and should perform better 
when applied to new datasets of the same type. Parameters values from different datasets can 
also be directly compared, e.g. if a power-law growth model (Eqn 1) is fitted to a range of 
different datasets, then the values of the scaling exponents can be meaningfully compared, 
and indeed used to test theoretical predictions (Enquist et al., 1998; Enquist et al., 1999; 
Muller-Landau et al., 2006; Coomes & Allen, 2009).  
Here, we use the raw data provided by Arvidsson et al. (2011) in their online 
supplementary material to demonstrate how non-linear modelling is a simple alternative to the 
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linear analysis proposed by the authors. R code is provided as online supplementary material 
(Appendix 1). 
 
MATERIALS AND METHODS 
The first data set in Arvidsson et al. (2011) was collected on two genotypes: the wildtype col-
0 and the starch degradation mutant sex4-3, in order to compare their growth rates. Arvidsson 
et al. 2011 developed a camera-based plant phenotyping system which takes daily 
photographs of plants and automatically measures the area and shape parameters of rosette 
leaves. They also developed an analysis pipeline, which automatically plots graphs and fits 
linear mixed-effects models to log-transformed rosette areas and calculates relative growth 
rates (RGR). 
Arvidsson et al. (2011) modelled log-transformed rosette area as a function of age 
using a linear mixed-effects model, with fixed effects of genotype and light intensity 
measured at the individual plant level. To deal with the deviation from a log-linear growth 
function, they included a quadratic age term. Rosette growth in Arabidopsis might be 
expected to deviate from log-linear for two different biological reasons. First, during the 
vegetative phase of plant growth, exponential growth may be impossible to sustain for the 
reasons outlined above. Second, as the maximum rosette size is approached, the plant 
switches to reproduction and future growth is invested directly in the inflorescence. 
Ecological theory suggests that the switch between vegetative and reproductive growth should 
be rather abrupt and absolute (Cohen, 1976), but little experimental data is available on the 
efficiency of this switch and some slowing of growth is likely to occur before bolting is 
observed.  
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The full data set includes rosette areas up to 39 days after germination (hereafter age) 
but contains no information on bolting day. We fitted a range of non-linear models, including  
a monomolecular and a 4-parameter logistic growth model (Paine et al., in press), but it was 
clear that there were insufficient measurements at the later growth stages for good estimates 
of the asymptotic size. Instead we present a power-law model fit to the cropped data to 
demonstrate our general approach. Close examination of the log-linear model with a quadratic 
term advocated by Arvidson et al. (2011) reveals that for approximately the last eight days, 
the model predicts larger sizes than were actually observed. The most likely explanation for 
this overprediction is the switch from vegetative to reproductive growth towards the end of 
the experiment.  A similar overprediction occurred with the power-law as would be expected 
given that it only applies to the vegetative growth phase; hence we cropped the dataset to 
include all data measured up to day 26 for col-0 and up to and including day 30 for sex4-3. 
The mutant sex4-3 clearly grows more slowly than col-0, but on day 30 reaches a size 
comparable to the size of col-0 on day 26. In such a case of clearly different lengths of the 
vegetative growth phase, genotype-specific cropping of the data is most appropriate for direct 
comparison of genotypes, unless more data was available that would allow inclusion of an 
asymptotic term. 
The power-law function (Enquist et al., 1998; Enquist et al., 1999), assumes that 
absolute growth rate is proportional to current mass raised to some power: 
M
dt
dM                                                                          (Eq. 1) 
where α is the growth coefficient and β is the scaling exponent. The size-standardised growth 
rate or SGR is given by:  
11   cMdt
dM
M
SGR
 (Eq. 2) 
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where Mc is a common reference size (Paine et al., in press). On the log-scale, this gives: 
)log()1()log()log( cMSGR                                              (Eq. 3) 
The two parameters of the power-law function thus have clear biological 
interpretations: α, the growth coefficient determines the maximum growth rate in the absence 
of size-dependent growth limitation and β, the scaling exponent, describes how rapidly 
growth rate declines with increasing size, i.e. it is a measure of size-related growth 
inefficiency. We might therefore expect these parameters to be influenced by different genetic 
and environmental factors. For example, the scaling exponent β might be affected by leaf 
shape, because different leaf shapes might lead to different degrees of overlap and hence self-
shading within the rosette. In contrast, the growth coefficient α is likely to increase with 
increasing nutrient availability, but in addition will be affected by intrinsic genetic factors 
such as allocation to costly defensive compounds (Paul-Victor et al., 2010; Züst et al., 2011). 
In contrast, the parameters of the quadratic equation cannot be so easily decomposed. Because 
we expect some systematic deviations from the power-law as the plant approaches the switch 
to the reproductive growth phase, a power-law should only be fitted to the vegetative growth 
phase, while data for the few days prior to bolting should probably be excluded. 
Using the data from the first experiment in Arvidsson et al. (2011), we modelled 
untransformed rosette area as a function of plant age (days after germination) by fitting the 
closed-form solution of equation 1 when β < 1 in the nlme package for the statistical software 
R (R.Development.Core.Team, 2010; Philipson et al., in press): 
      1110 )1( tAreaAreat                                         (Eq. 4) 
The rosette area of a plant at time t is thus a function of Area0 (estimated rosette area at time = 
0), the growth coefficient α, and the scaling exponent β. We treated plant identity as a random 
effect. Starting from a model with no fixed effects, we included effects of genotype and light 
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intensity on all three model parameters and compared model fits based on Akaike’s 
Information Criterion (AIC) where a difference of more than 2 units was taken as indicating a 
better model. 
 
RESULTS AND DISCUSSION 
The most parsimonious model according to the AIC supported a genotype effect on the initial 
leaf area Area0, the growth coefficient α, and the scaling exponent β, and a positive effect of 
light intensity on the growth coefficient α. No simplification of the random effects was 
possible; i.e. the final model included an effect of plant identity on all three parameters. As we 
modelled the untransformed data, the residuals were heteroscedastic. However, this could be 
accounted for by including a varExp variance structure, which multiplies the variance σ2 with 
an exponential function of age and an additional parameter δ (Zuur et al., 2009). Compared to 
the wildtype, the mutant had lower values of the initial leaf area, Area0 and of the growth 
coefficient, α, but a higher value of the scaling exponent, β (Table 1). 
The time-based RGR comparison carried out by Arvidsson et al. (2011) shows that the 
mutant sex4-3 grows more slowly initially, but that later in the experiment it overtakes and 
grows faster than the wild type. This is most likely an artefact of the different range in the 
vegetative growth phase of the two genotypes, and a size-based comparison allows us to see 
this clearly. Using estimated model parameters and equation 3, we calculated SGR for the two 
Arabidopsis genotypes col-0 and sex4-3 over the whole range of observed sizes (Fig 2). For 
the power-law fit, SGR does not depend on the initial size of a plant, but instead compares 
growth rates at a given size; hence SGR is not confounded with germination day or seed 
weight. A higher value of the scaling exponent β results in a slower decline of SGR with size 
(eqn 3), hence the difference in SGR between the mutant and the wildtype decreases with 
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increasing leaf area – appearing to confirm that the mutant will indeed overtake the wildtype 
at some size (Fig 2). However, the lower value of the growth coefficient α means that the 
mutant grows more slowly than the wildtype at all observable sizes. In fact, the SGR function 
of sex4-3 is predicted to cross with col-0 at the implausible reference size of 269 cm2 while 
even in the full dataset the maximum size achieved by a plant was 23 cm2! Thus while the 
difference in scaling exponents of the two genotypes is statistically significant and improves 
the overall model fit, it has only low biological relevance, an important distinction. 
The key advantage of non-linear modelling in this case is the improved biological 
interpretation. This results from assuming a likely growth function, instead of just empirically 
fitting an arbitrary polynomial function to a set of data points. This means that non-linear 
models are likely to extrapolate in a more appropriate way when making predictions and 
transfer more reliably to new datasets of a similar type. In general, an important potential 
benefit of non-linear modelling is the use of fewer parameters. While that is not the case in 
this analysis (the power law requires as many parameters as the quadratic model) it would be 
an advantage compared to higher-order polynomials or other complex models. Non-linear 
regression may also provide a better fit to the data than linear models with polynomials, 
although once again that potential advantage is not important here as both models explain a 
very large amount of the variability in the data.  
In conclusion, we recommend that non-linear modelling is a more biologically 
informative way of estimating aspects of the vegetative growth phase of Arabidopsis. In 
particular the power-law model provides an excellent fit to the early vegetative growth phase 
and can be implemented using non-linear regression or non-linear mixed-effects models (as 
appropriate). Fitting a power-law function to the vegetative growth phase of Arabidopsis 
yields estimates of three parameters: the initial size on day 0 (which is likely to be closely 
related to seed size), the growth coefficient (determining the maximum growth rate in the 
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absence of size-dependent growth limitations), and the scaling exponent (determining the 
diminishing returns in the size-inefficiency of growth). In this application, the starch-
degradation mutant had significantly different values for three of the measured parameters 
when compared to the wildtype, but the biologically relevant difference in growth rate was 
due only to the decreased growth coefficient α in the mutant. Over the whole range of 
biologically reasonable sizes, this decreased growth coefficient led to a reduction in SGR, 
hence the starch-degradation mutant can never catch up or overtake the wildtype, as suggested 
by the original linear-model analysis. 
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TABLES 
TABLE 1. Parameter estimates and 95 % confidence intervals from the most parsimonious 
model based on AIC. This model included an additive linear effect of light intensity on the 
growth coefficient α (see Figure 1). 
Parameter Genotype Lower 95% CI Estimate Upper 95% CI 
Area0 col-0 0.00510 0.00547 0.00587 
Area0 sex4-3 0.00433 0.00472 0.00513 
Α col-0 0.190 0.199 0.208 
Α sex4-3 0.153 0.163 0.173 
Β col-0 0.892 0.896 0.900 
Β sex4-3 0.913 0.918 0.923 
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FIGURES 
 
FIGURE 1. Power-law fit to rosette leaf area as a function of plant age (days after germination) 
for the wildtype col-0 (black circles) up to day 26 and the mutant sex4-3 (grey triangles) up to 
day 30.  The filled areas represent the mean model fit for the full range of light intensities 
measured at the plant level for col-0 (black) and sex4-3 (grey). Datapoints are jittered slightly 
for clarity. The inset is a magnification of the curve for the first 11 days of growth. 
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FIGURE 2. Predicted size-standardised growth rate (SGR) as a function of leaf area for both the 
wildtype col-0 (solid line) and the mutant sex4-3 (dashed line) at mean light intensity. The 
range of the x-axis spans the range observed in plants of col-0 in experiment 1 up to and 
including day 26. 
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QUANTIFICATION OF GROWTH RATES AND HERBIVORY ACROSS RIL 
POPULATION OF ARABIDOPSIS THALIANA REVEALS THE COSTS OF AN 
EFFECTIVE PATHWAY OF PLANT DEFENCE 
 
Tobias Züst, Majid Iravani, Gabriela Schaepman-Strub, Jason A. Corwin, Baohua Li, Bindu 
Joseph, Daniel J. Kliebenstein and Lindsay A. Turnbull 
 
  
CHAPTER 4 65 
 
SUMMARY 
Understanding the trade-offs between growth rates, chemical defence and herbivore damage 
is of fundamental and applied importance. However, carrying out such studies on large 
populations requires efficient quantification of whole plant growth rates using non-destructive 
techniques. We present a high-accuracy, low-cost method for measuring rosette growth rates 
of Arabidopsis thaliana and apply this method to the complete Kas x Tsu population of 
recombinant-inbred lines (RILs). We also measured the concentration of fourteen 
glucosinolate compounds in leaves of all lines and conducted herbivore trials with two 
caterpillar species on a subset of these lines. In contrast to work on other genotypes of A. 
thaliana, we found only weak correlations between growth rate, glucosinolate content, and 
herbivore damage. We hypothesised that this difference is caused by the complete lack of 
aliphatic glucosinolates with a 4-carbon side-chain (4C) within the Kas x Tsu population. To 
test this, we directly compared the growth rates of selected lines from the Kas x Tsu 
population with those from the Ler x Cvi population. As predicted, the Ler x Cvi population 
grew more slowly than the Kas x Tsu population, and a significant fraction of this difference 
could be attributed to the presence of the 4C-allele at the GS-ELONG locus in the Ler x Cvi 
population. Our work provides strong evidence for the high cost of 4C aliphatic 
glucosinolates which appear to be the most effective defensive compounds against generalist, 
leaf-chewing herbivores. 
 
INTRODUCTION 
Plants employ a wide range of defensive traits to deter and avoid damage by herbivores. 
Defence traits vary in their effectiveness against different herbivore species, and these trait-
for-herbivore interactions create the basis for community-wide co-evolutionary arms races 
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which are a major source of biodiversity (Thompson, 1999). A major assumption of plant 
defence theory is that defensive traits have some cost to the plant, i.e., that they trade off with 
fitness (Coley et al., 1985; Bazzaz et al., 1987; Herms & Mattson, 1992). While the seed set 
of a plant is often considered to be the best estimate of lifetime fitness, plant growth rate can 
also be a good predictor of the outcome of competition and is thus a useful surrogate for 
fitness in competitive environments (Fakheran et al., 2010; Züst et al., 2011).  
Traditionally, relative growth rate or RGR is considered to be the best measure of 
plant growth rate. RGR is typically based on only two biomass measurements and is 
calculated using: 
12
12 )/log(
tt
MMRGR   Eqn 1 
However, these traditional methods for calculating RGR implicitly assume that plants grow 
exponentially (linear on the log-scale), in which case RGR would be constant and unbiased by 
size. In fact, as plants get larger, deviations from exponential growth occur for a variety of 
reasons, including increasing allocation to structural non-photosynthetic tissue, self-shading 
of the leaf canopy and increasing below-ground resource limitation (Evans, 1972; Ingestad & 
Agren, 1992; Maranon & Grubb, 1993; Enquist et al., 1999). As a solution, we and other 
authors have repeatedly advocated the use of non-linear growth functions that allow the 
calculation of size-standardized RGR (called SGR) and facilitate comparison among species 
or genotypes (Rose et al., 2009; Paul-Victor et al., 2010; Paine et al., in press). 
While non-linear functions can capture growth processes more accurately, they require 
more data collection. As a consequence, practical methods for non-destructive, high-
resolution plant size measurements are in demand, especially in the light of large-scale 
attempts to map growth-related traits to the genome. Recently, high-throughput methods for 
automated growth phenotyping have become available for academic research (e.g., Durham 
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Brooks et al., 2010; Arvidsson et al., 2011). However, these methods employ custom-built 
robotic systems that are only affordable to a small proportion of the scientific community. 
Here we present a new, high-accuracy method for measuring rosette leaf area that uses 
conventional, man-made photographs and a software package that is commonly used for 
remote sensing applications. This method is applicable to all two-dimensional growth 
processes, and it is well-suited to describe the rosette growth phase of the model plant 
Arabidopsis thaliana L. (Brassicaceae). 
A. thaliana employs a set of defence-related traits: most importantly a range of 
secondary metabolites belonging to the glucosinolates with known defensive properties 
against herbivores (Bones & Rossiter, 1996). Glucosinolates consist of a sulphur-linked 
glycone moiety, a nitrogen-linked sulphate, and a variable side chain (Mithen et al., 1995). 
This side-chain is the biologically active part and may contain aliphatic, indolyl, or aromatic 
groups. At least 43 different glucosinolate compounds are present in A. thaliana (Reichelt et 
al., 2002; Kliebenstein et al., 2007), and the majority of this variation has been explained by 
the combination of functional and non-functional (null) alleles at four genetic loci (Mithen et 
al., 1995; Kliebenstein et al., 2001b). The combinations of alleles at these loci are responsible 
for the formation of distinct glucosinolate profiles, or ‘chemotypes’. There are six major 
chemotypes, resulting from the combination of GS-ELONG, which regulates the carbon side-
chain elongation of aliphatic glucosinolates (either 3-carbon (3C) or 4-carbon (4C)), and GS-
AOP, which controls the conversion of methylsulfinylalkyl (NULL) to either alkenyl (ALK) or 
hydroxypropyl (OHP) glucosinolates. Some of these chemotypes can be further modified by 
GS-OH, responsible for the conversion of 3-butenyl to 2-hydroxy-3-butenyl glucosinolate; or 
GS-OX, which regulates the conversion of methylthioalkyl to methylsulfinylalkyl 
glucosinolates. The chemotype of A. thaliana also plays an important role in determining the 
respective herbivore community (Bidart-Bouzat & Kliebenstein, 2008), and some 
glucosinolate compounds have clear deterrent properties against particular herbivore species 
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(Lambrix et al., 2001). Glucosinolates are generally considered to incur costs to the plant, and 
glucosinolate concentrations tend to be negatively correlated with seed set (Mauricio, 1998) 
and growth rate (Paul-Victor et al., 2010). However, different glucosinolate compounds 
within a chemotype are usually strongly intercorrelated, making it difficult to quantify the 
relative importance of individual compounds. 
We measured the glucosinolate content and rosette growth rates of a complete RIL 
population consisting of 341 inbred lines (McKay et al., 2008), derived from a cross between 
the two accessions Kashmir (Kas-1, N903) and Tsushima (Tsu-1, N1640). Kas-1 has a 3C-
ALK chemotype, while Tsu-1 has a 3C-OHP chemotype. Thus, both parents carry the 3C-
allele at the GS-ELONG locus and the resulting RIL population consists of a roughly equal 
mixture of only two chemotypes (3C-ALK and 3C-OHP). We measured damage inflicted by a 
generalist and a specialist herbivore on a subset of all lines, and correlated growth rates, 
glucosinolate content and herbivore damage in a search for growth/defence trade-offs. We 
then compared these correlations with a recent study (Paul-Victor et al., 2010), where we had 
used a RIL population derived from a cross between the A. thaliana accessions Landsberg 
erecta (Ler, N8581) and Cape Verdi Islands (Cvi-1, N8580, Alonso-Blanco et al., 1998). Ler 
has a 3C-OHP chemotype whereas Cvi-1 has a 4C-ALK chemotype. The presence of the 4C-
allele at the GS-ELONG locus in one of the parent lines means that the Ler x Cvi population 
consists of four chemotypes: 3C-ALK, 3C-OHP, 4C-ALK and 4C-OHP. The comparison of 
these two RIL populations thus provides a direct test of the effect of the GS-ELONG locus 
and the production of 4C-glucosinolate compounds on growth rate and herbivore resistance. 
Such clean tests of specific loci and compounds are otherwise prevented by intercorrelations 
among glucosinolate compounds. 
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MATERIALS AND METHODS 
Growth of the Kas x Tsu RIL Population. Seeds of the 341 lines of the Kas x Tsu recombinant 
inbred population were obtained from the Arabidopsis Biological Resource Center (ABRC, 
Columbus OH, USA). We grew a total of four to five plants per line, split into two blocks 
separated by approximately three months. We grew plants in large planting trays with 104 
individual wells (30 x 25 x 100 mm), filled with standard potting soil (Sunshine Mix #1, Sun 
Gro Horticulture, Bellevue WA, USA). Prior to sowing, we imbibed seeds in distilled water 
and cold stratified them at 4° C for four days. We placed approximately 3-5 seeds of a single 
genotype in the centre of a well and covered the trays with a transparent plastic hood to retain 
humidity during germination. We randomized genotype placement within the trays to create a 
randomized complete block design split between two blocks. We recorded the germination 
day for all plants. After one week, we removed the transparent hoods and surplus plants to 
leave one seedling per well. We watered plants twice a week with nutrient-enriched water, 
using 0.5 % N:P:K fertilizer in a 2:1:2 ratio (Grow More 4-18-38, Grow More Inc., Gardena 
CA, USA) and kept them in a climate-controlled chamber at 22° C and a day/night cycle of 
10h/14h. 
To record plant growth, we photographed each individual planting tray every second 
day, starting from day 7 after sowing. We photographed the first block of the experiment in 
TIFF format using a Nikon Coolpix E995 digital camera, and the second block in Jpeg format 
using a Fujifilm FinePix S1500 digital camera. All pictures were taken by the same 
technician, holding the camera at breast height. Flash was disabled and we took the pictures 
under ambient (artificial) light with automatic camera settings. Thirty-one days after sowing, 
we harvested plants for glucosinolate analysis. We removed two leaves from the first fully 
mature leaf pair from each plant and stored leaves in 90% methanol to inhibit enzymatic 
breakdown of chemical compounds. We extracted glucosinolates and analysed them by HPLC 
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according to previously described methods (Kliebenstein et al., 2001a; Kliebenstein et al., 
2001b).  
 
Image Processing and Extraction of Individual Leaf Areas. We extracted the rosette area of 
plants from photographs using the image analysis software ENVI (Version 4.6, ITT Vis, 
Boulder, USA) and supervised maximum likelihood classification, which uses digital number 
values of the images to separate plant area from the soil background (Fig. 1a). Because the 
distance of the camera to the trays differed slightly between photographs, the pixel/mm 
relation differed among images, making direct comparisons of leaf area impossible. In a first 
step we thus registered all images to the scale of one reference image, using the image-to-
image registration method as implemented in ENVI. This method requires the user to mark a 
minimum of four points or ‘nodes’ that are present in both the reference and the sample 
image. The sample image is then transformed in a way that all nodes of the sample image 
match the reference nodes. We registered all images to one reference image, placing up to 
eight nodes at the corners of corresponding wells within the planting trays. In the next step, 
we classified the images into three categories, namely leaf, soil and planting tray using a 
maximum likelihood classifier in ENVI. We therefore selected training areas for the three 
classes in each image to calculate training class statistics based on the digital number values 
of the red, green, and blue layer of the image. (Fig. 1b). Based on this training sample, every 
pixel within an image was assigned to one of the three classes by the maximum likelihood 
algorithm (Fig. 1c). As the final step, we marked the area of each well of a planting tray, 
assigning leaf area within a well a unique plant or rosette identity. The individual plant areas 
were then defined as the number of leaf pixels within each of the 104 masked wells. A small 
ruler had been placed onto each planting tray that was used to transform pixel numbers into 
rosette areas (mm2). 
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Area-based growth measures are problematic for later stages of plant growth, as leaf 
overlap with neighbouring plants increases. In addition, such methods can only cover the 
vegetative phase of growth. We were able to extract rosette areas up to 23 days after sowing 
by retracing leaf shapes of overlapping leaves by hand. After day 23, overlap became too 
large and made this method unfeasible. 
 
Size-Standardised Growth Rates. We found that a power-law function (Enquist et al., 1998; 
Enquist et al., 1999) provided a good fit to the vegetative growth phase. Power-law growth 
assumes that the absolute growth rate is given by:  
M
dt
dM   Eqn 2 
where M is a measure of size, α is the growth coefficient and β is the scaling exponent. We 
modelled untransformed rosette area as a function of days after germination, using the closed 
form solution of equation 2:  
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The rosette area of a plant at time t is thus a function of the three parameters Area0 (estimated 
rosette area at time = 0), the growth coefficient α, and the scaling exponent β. Equation 3 can 
be fitted to data in the nlme package for the statistical software R 
(R.Development.Core.Team, 2010) and all three parameters can be estimated (Philipson et al., 
in press). We started with a model that only contained random effects of plant identity on all 
three parameters, essentially fitting unique growth curves to each individual plant. We then 
modified this model by adding fixed effects of RIL and experimental block to the model 
parameters and compared alternative models with different fixed effects using likelihood ratio 
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tests. We extracted RIL-specific parameters from the best model and calculated size-
standardised growth rates (SGR) for each RIL. SGR is given by:  
1  refAreaSGR  Eqn 4 
where Arearef is a common size at which growth rate is calculated (Paine et al., in press). 
 
Herbivory Assay. In order to relate growth rate and chemical defences to herbivore resistance, 
we measured herbivore damage caused by larvae of two lepidopteran species on a subset of 
the Kas x Tsu RIL population. We selected a subset of the population by ranking lines within 
each chemotype (3C-OHP and 3C-ALK) according to their growth rate and assigning them to 
35 quantiles. We used symmetrically decreasing quantile sizes towards the tails of the growth 
rate distribution to increase the number of extreme growth phenotypes. From each quantile we 
randomly selected one line for the herbivory trials, resulting in a total of 70 lines. We grew 
five plants per line in 96-well planting trays (well size 35 x 35 x 80 mm) filled with 
germination soil (GO M1, Tref Group, The Netherlands). Five seeds were planted in each 
well and whole trays were cold stratified at 4°C for two days. Plants were grown in a 
controlled climate chamber at 20° C and a day/night cycle of 16h/8h and six days after sowing 
surplus plants were removed. 
Twenty-two days after sowing, we removed the 3rd leaf pair of each plant and placed 
each leaf individually into a small petri dish (Ø 35mm), marked with a unique number. Petri 
dishes contained a solid layer of 1.5 ml Agar (1.3%) to keep leaves fresh during the trial. We 
added either a single 2nd instar larvae of the generalist caterpillar Spodoptera littoralis or the 
specialist Plutella xylostella to each petri dish and placed them back into the same climate 
chamber for 24 hours. We photographed leaves before and after herbivore addition in order to 
calculate the leaf area removed. Photographs were taken with a Canon EOS 350D digital 
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camera fitted with a 60 mm macro lens. We mounted the camera on a stand with an integrated 
diffuse light source in the base. Petri dishes were placed on top of the light source and 
photographed from above, thus maximizing contrast between leaf and transparent agar. Leaf 
area before and after herbivory was measured using the open-source image processing 
software ImageJ (Rasband, 1997-2009). Using batch mode, all images were transformed into 
black-and-white colours and the number of black pixels was recorded in each picture, 
representing leaf area. In a subset of five images, we measured pixel size of the petri dish and 
used the mean pixel number to calculate leaf areas in mm2. For each leaf, we calculated the 
percentage area removed by the herbivore. These herbivory scores were correlated with 
glucosinolate concentrations measured on the same lines. 
 
Growth Rate Comparison of Two RIL Populations. To compare results from the Kas x Tsu 
RIL population with our previous work on the Ler x Cvi RIL population (Kliebenstein et al., 
2002; Paul-Victor et al., 2010), we carried out a small growth experiment to directly compare 
growth rates of the two RIL populations when grown in the same environment. We randomly 
selected 30 lines from each RIL population, selecting 15 lines each from the ALK and the 
OHP chemotypes. Seeds of the Ler x Cvi RIL population had originally been obtained from 
the European Arabidopsis Stock Center (Nottingham, UK) and had since been propagated for 
several generations in the lab of Prof. Ueli Grossniklaus, University of Zürich. 
We grew five plants per line in 77-well planting trays (well size: 35 x 35 x 55 mm) 
filled with germination soil (GO M1, Tref Group, The Netherlands). Five seeds were planted 
in each well and whole trays were cold stratified at 4°C for two days. Plants were grown in a 
controlled climate chamber at 20° C and a day/night cycle of 16h/8h and six days after sowing 
surplus plants were removed. To record plant growth, we took a photograph of each planting 
tray every second day, starting from day 7 after sowing. Photographs were taken with a Canon 
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EOS 350D digital camera fitted with an 18 mm wide-angle lens. The camera was mounted on 
a stand with two integrated light sources on each side of the camera. On the base of the stand 
we fitted a guide rail that fitted the size of the planting trays, ensuring identical positioning of 
the trays on each photograph. Compared to the growth experiment of the full Kas x Tsu RIL 
population, plants grew much faster under the long-day conditions employed here. We thus 
had to stop the experiment when plants started to bolt around day 19 after germination. Leaf 
areas of individual plants were extracted using ENVI according to the same protocol as 
described above. Image-to-image registration was not necessary in this experiment as the 
standardized camera setup ensured identical pixel/mm relations in all images. We could only 
extract leaf areas up to day 17 after germination, as leaf overlap became too large for accurate 
area determination after this day. 
We fitted a similar three-parameter power-law model to this data as for the full Kas x 
Tsu RIL population (eqn 2), starting with a model only containing random effects of plant 
identity. We fitted RIL population, GS-AOP allele, or GS-ELONG allele as fixed effects to all 
three parameters of the power-law model. In addition, we also fitted models with a 
combination of RIL population and one of the two glucosinolate loci. We judged inclusion of 
fixed effects based on F-tests and selected the best model based on AIC values (Table 1). 
Using the parameters from this model, we then calculated average population SGR values. As 
reference sizes we used a range of values starting from the smallest measured rosette area up 
to the mean rosette area of the population reaching smaller sizes on day 17. In addition, we 
estimated the confidence intervals around these mean values by generating population 
prediction intervals (Bolker, 2008; Züst et al., 2011; Paine et al., in press). The method 
assumes that the distribution of the parameters is multivariate normal with a variance-
covariance matrix given by the inverse of the information matrix. We used the function 
mvrnom, which selects multivariate normal random deviates, and the variance-covariance 
matrix given by the function vcov. At each value of the reference size, we generated 1000 sets 
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of parameters to calculate a distribution of SGR values for each population. The lower and 
upper 95% quantile of these distributions are the boundaries of the prediction intervals. 
 
RESULTS 
Growth Rate and Secondary Metabolites of the Kas x Tsu RIL Population. Despite no obvious 
differences in environmental conditions, plant growth rates differed significantly between the 
two experimental blocks (Fig. 2a). The best power-law model included a fixed effect of block 
on all three parameters: the estimated rosette area at time = 0, Area0; the growth coefficient, α; 
and the scaling exponent, β. There was a significant RIL effect on Area0 and α only (Fig 2b.). 
No interaction could be fitted between RIL and block due to the limited number of plants per 
RIL in each block. Because of the lack of interactions and the shared scaling exponent β 
among lines, the relative ranking of plant growth rates does not change between experimental 
blocks. The growth rates of the whole Kas x Tsu population had an approximately normal 
distribution and spanned a range of approximately 0.1 units (Fig. 2c).  
We correlated SGR values with line means of glucosinolate concentration (Table 2). For 
correlations with compounds that are only produced by one of the two GS-AOP chemotypes, 
we only used the subset of lines producing the compound. In addition, we summed individual 
glucosinolate compounds into larger biosynthetic groups and correlated these with SGR 
values. We grouped compounds into total indolic and total aliphatic glucosinolates, and 
further split aliphatic glucosinolates according to the length of their carbon side-chain (3C, 4C 
or 8C). Despite the absence of a functional 4C-allele in the Kas x Tsu population, we 
measured small concentrations of 4C glucosinolates. Several aliphatic glucosinolates showed 
significant positive correlations with growth. In contrast, the most abundant indolic 
glucosinolate, indolyl-3-methyl, and the total concentration of indolic glucosinolates were 
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negatively correlated with growth rate. As an alternative to correlations with individual 
compounds, we carried out a principal component analysis on the full set of glucosinolate 
compounds. However, this approach failed to reduce complexity of the data by a considerable 
amount, with eight out of fourteen principal components required to account for 90% of the 
variance, and was thus rejected (not shown). 
 
Herbivory by Generalist and Specialist Caterpillars. The generalist caterpillar Spodoptera 
littoralis consumed 9.23 ± 4.7 mm2 (mean ± 1 SD, 12.5 %) of leaf area within 24h, while the 
specialist Plutella xylostella consumed 10.66 ± 5.6 mm2 (mean ± 1 SD, 15.39 %) in the same 
time. The percentage of rosette area removed by generalist and specialist caterpillars was 
positively correlated among lines (r = 0.641, n = 70, P < 0.001), i.e., there is some 
commonality in preference between the two herbivore species. However, despite this 
commonality there was a marginally significant interaction between herbivore identity and 
chemotype (F1,593 = 3.31, P = 0.069) on the amount of rosette area removed. P. xylostella 
tended to cause more damage to ALK-chemotypes than to OHP-chemotypes, while S. 
littoralis showed no such preference (Fig. 3). Of the 32 individual correlations, only two were 
significant (similar to the number expected by chance), with no obvious direction of the 
effects (Table 2). While part of this lack of significance can potentially be attributed to the 
limited number of lines used in the subset, it is in stark contrast to the results of Kliebenstein 
et al. (2002), who found strong negative correlations between glucosinolate compounds of 
Ler x Cvi RILs and damage by the lepidopteran generalist herbivore Trichoplusia ni. 
In an attempt to explain the discrepancies between the two studies, we compared our 
results with the published results of Kliebenstein et al. (2002, Fig. 4). Fig. 4 reveals the large 
difference in chemical profiles between the two RIL populations. In addition to the expected 
lack of 4C glucosinolates, the Kas x Tsu population also has reduced concentrations of 7-
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carbon glucosinolates. The difference in the correlation patterns among glucosinolates, 
growth, and herbivore resistance could thus be due to the dramatically different chemotypes, 
in addition to the different species of generalist herbivores used. 
 
Comparison of two RIL Populations. Plants of the Kas x Tsu RIL population grew 
considerably faster on average than plants from the Ler x Cvi RIL population (Fig. 5a, t = 
5.83, df = 1395, P < 0.001). This population-level difference can only be due to the GS-
ELONG locus, as Ler x Cvi lines have both 3C- and 4C-alleles, while all Kas x Tsu lines 
carry the 3C-allele. In contrast, the ALK and OHP alleles at the GS-AOP locus are present in 
equal frequencies in both populations. GS-ELONG alone could account for some, but not all, 
of the difference between the two populations (Table 1). However, the best model included 
additive effects of both GS-ELONG and RIL population on all three model parameters. The 
4C-allele at the GS-ELONG locus had a significant negative effect on the rate parameter α (t = 
2.74, df = 1392, P = 0.006); therefore, Ler x Cvi lines accumulating 4C compounds were the 
slowest growing plants in the experiment (Fig. 5b). 
 
DISCUSSION 
Growth phenotyping of Arapidopsis thaliana based on automated, non-destructive plant 
imaging is currently receiving increased attention from plant scientists (e.g., Durham Brooks 
et al., 2010; Arvidsson et al., 2011). However, these studies rely on custom-built robotic 
systems that are affordable only to a small proportion of the scientific community. Here we 
present a method that requires nothing more than a standard camera and a software package, 
essentially producing the same results. This method allowed us to measure the growth rates of 
a complete RIL population allowing comparison of growth rates with other plant traits. SGR, 
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which is an estimate of relative growth rate unbiased by initial size, is expected to trade-off 
against costly traits such as defensive secondary metabolites. It was therefore somewhat 
surprising that the SGR values calculated from rosette areas in the Kas x Tsu RIL population 
showed few negative correlations with leaf glucosinolate content. This is in contrast to a 
previous study where we demonstrated strong negative correlations between biomass-based 
SGR values and leaf glucosinolate content using the Ler x Cvi RIL population (Paul-Victor et 
al., 2010). 
One possible explanation for the difference between these two studies lies with the 
technical details. Paul-Victor et al. (2010) measured SGR in Ler x Cvi using destructive 
biomass measurements while in the present study we used non-destructive leaf area 
measurements. However, for a range of natural accessions, leaf area of Arabidopsis measured 
from photographs was highly correlated with plant biomass in the vegetative growth phase (r 
= 0.92, P < 0.001, Figure S1). As an additional test, we also re-analysed the biomass growth 
data presented in Paul-Victor et al. (2010) by restricting the dataset to the vegetative growth 
phase and fitting a power-law model to the data. Growth rates from the restricted Ler x Cvi 
dataset were positively correlated with SGRs from the full dataset (r = 0.74, P < 0.001), and 
while the majority of correlations between compounds and herbivory scores were slightly less 
significant when using the reduced dataset, the direction of the effects remained the same. 
Methodological differences are thus unlikely to be solely responsible for the different results 
obtained for the two RIL populations. 
In an attempt to explain the difference in growth/defence trade-offs between the two 
RIL populations, we compared the chemical profile of the Kas x Tsu population with the 
profile of the Ler x Cvi population (Kliebenstein et al., 2002). The clearest difference between 
the two populations is the complete absence of aliphatic glucosinolates with a 4C side chain in 
the Kas x Tsu population due to the lack of a 4C-allele at the GS-ELONG locus. In addition, 
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accumulation of aliphatic glucosinolates with a 7C side-chain is reduced in Kas x Tsu. In 
most genotypes of A. thaliana, and notably in the Ler x Cvi population, all aliphatic 
glucosinolates are strongly positively correlated with each other (r = 0.36 – 0.71 for the main 
groups of aliphatic glucosinolates in Ler x Cvi), making conclusions on the relative 
importance of individual groups of compounds difficult. The Kas x Tsu population is thus an 
elegant test of whether aliphatic 4C glucosinolates have particularly high growth costs. The 
standardised growth rate comparison of the two RIL populations revealed that Kas x Tsu lines 
did indeed grow faster on average than Ler x Cvi lines. A substantial part of this difference 
was due to the presence of the 4C-allele at GS-ELONG, present only in the Ler x Cvi 
population. While costly to produce, these 4C glucosinolates may be particularly effective 
against generalist herbivores; for example Hansen et al. (2008) demonstrated that artificial up-
regulation of an aliphatic 4C glucosinolate increased plant resistance towards the generalist 
herbivore T. ni. Additionally, the GS-ELONG locus has been linked to controlling plant 
development, circadian clock function and insect resistance in other studies (Kliebenstein et 
al., 2002; Kerwin et al., 2011). 
Although the 4C-allele at GS-ELONG confers a growth cost to the plant, there are 
other differences between Kas x Tsu and Ler x Cvi that are not explained by chemotype. 
Growth differences between Ler x Cvi lines carrying 3C- and 4C-alleles were most distinct in 
the early growth phase and decreased somewhat as plants approached the flowering phase. 
This supports the results of Züst et al. (2011) who found that the benefits of artificially 
disabled production of glucosinolates disappear as plants grow larger and switch to 
reproductive growth. It is therefore likely that costs of leaf-glucosinolates are most distinct in 
the early vegetative growth phase, when damage to leaves is most detrimental to the fitness of 
a plant. 
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In conclusion, the methods for non-destructive size measurement presented here allow 
growth phenotyping of the rosette stage of plants with high accuracy but comparably low 
costs. We employed these methods on a full RIL population consisting of 314 lines and were 
thus able demonstrate that aliphatic 4C glucosinolates are a prime example of a defensive trait 
according to plant defence theory: they are both an effective defence trait and costly to 
produce.  
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TABLES 
TABLE 1. Comparison of models for the power-law regression model of plant growth for the 
growth rate comparison of two RIL populations. The first line is the basic model where all 
three model parameters (M0, the growth coefficient α, and the scaling exponent β) are 
estimated for each population separately. Subsequent models test the effect of GS-AOP and 
GS-ELONG alleles on growth, and finally combine these with population effects if supported 
by the evaluation of F-tests. Stars (*) represent significant terms based on F-tests. The best 
model based on AIC value is marked in boldface. 
starting size M0 growth coefficient α scaling exponent β AIC 
Population*** Population*** Population*** 11980.92 
AOP*** AOP*** AOP 14393.90 
ELONG*** ELONG*** ELONG* 12031.25 
AOP×ELONG*** AOP×ELONG*** AOP×ELONG 11990.17 
Population***+AOP* Population***+AOP Population***+AOP 11986.72 
Population***+ELONG** Population***+ELONG*** Population***+ELONG* 11972.91 
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FIGURES 
 
FIGURE 1. Section of a tray image before (a) and after (c) processing with ENVI. In (b), a 
typical example of a ‘training sample’ for maximum likelihood classification is shown, i.e., 
the region of interest which has to be drawn by the user to provide the software with a range 
of digital numbers for the targeted classes. After classification and quality control by the user, 
the position of each grid cell can be used to extract the leaf area of individual plants. 
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FIGURE 3. Mean percentage (with 95 % confidence interval) of removed rosette area after 24h 
of herbivory by the generalist S. littoralis and the specialist P. xylostella on a subset of 70 
lines. Herbivory scores are presented for each chemotype separately. 
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SUPPORTING INFORMATION 
 
 
FIGURE S1. Plot illustrating the close linkage of leaf area measured from photographs and 
plant biomass. The plants displayed here are a selection of natural Arabidopsis accessions, 
measured 9 or 11 days after sowing. Plants were grown in 96-well planting trays and 
photographed immediately before the harvest. 
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Natural Enemies Drive Geographic Variation in Plant 
Defenses 
Tobias Züst1*†, Christian Heichinger2, Ueli Grossniklaus2, Richard Harrington3, Daniel J. 
Kliebenstein4,5 and Lindsay A. Turnbull1
Plants defend themselves against attack by natural enemies and these defenses vary widely across populations. However, whether 
communities of natural enemies are a sufficiently potent force to maintain polymorphisms in defensive traits is largely unknown. Here, we 
exploit the genetic resources of Arabidopsis thaliana, coupled with 39 years of field data on aphid abundance to: (i) demonstrate that 
geographic patterns in a polymorphic defense locus (GS-ELONG) are strongly correlated with changes in the relative abundance of two 
specialist aphids; and (ii) demonstrate differential selection by the two aphids on GS-ELONG, using a multi-generation selection experiment. 
We thereby show a causal link between variation in abundance of the two specialist aphids and the geographic pattern at GS-ELONG, which 
highlights the potency of natural enemies as selective forces.
Intraspecific genetic variation is essential 
in enabling species to respond rapidly to 
evolutionary challenges such as changing 
environmental conditions (1) or the 
emergence of novel pests and pathogens (2). 
This diversity often reflects the balance 
between the strength of local selection and 
the current and historical levels of 
population substructure and gene flow (3,
4). Geographic analyses of genetic variation 
in several plant species have revealed clear 
genetic signals of local adaptation (5),
caused by differences in the selective 
regime among locations. These analyses are 
further supported by reciprocal transplant 
experiments, in which home genotypes 
generally outperform those transplanted 
from other populations (6, 7). While the 
drivers of local adaptation often remain 
unidentified, there is evidence that climate 
and soil can exert strong local selective 
pressures and play important roles in 
shaping large-scale genetic patterns (8, 9).  
In contrast to the clear role of abiotic 
factors, there is little direct evidence that 
biotic forces, such as herbivory or 
competition, can lead to the maintenance of 
genetic variation across large geographic 
scales, despite the exceptional levels of 
polymorphism associated with genes 
involved in defense (10, 11). In theory, 
interactions between organisms and their 
natural enemies can lead to differences in 
the local selective regime because of 
geographic variation in the abundance or 
species composition of the enemy 
community (3). This spatial variation can 
affect defense if it is costly; e.g., if the 
average level of herbivory varies across 
populations, defended genotypes might 
dominate in heavily attacked populations 
while undefended genotypes would prosper 
when enemies are absent or rare (12). 
Another less studied effect is how defense 
might vary if plants are attacked by diverse 
collections of herbivore species that differ in 
feeding style and specialization. This could 
lead to higher levels of polymorphism in 
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Fig. 1. Location of European A. thaliana accessions with known chemical profile. Symbol color 
indicates the GS-ELONG chemotype (orange: 3C; green: 4C) and symbol shape indicates the GS-
AOP chemotype (square: ALK; circle: OH; triangle: NULL). For GS-ELONG the probability of finding 
3C populations increases strongly with longitude (binomial glm: t = 5.11, df = 85, p < 0.001) and 
weakly with latitude (t = 1.75, df = 85, p = 0.084). Countries with available aphid data are colored in 
blue. The shade of blue corresponds to the relative frequency of L. erysimi based on model predictions 
from a binomial GLM using data from 61 aphid suction traps. The relative frequency of L. erysimi
increases strongly with longitude (t = 5.03, p < 0.001) and weakly with latitude (t = 1.89, p = 0.060). 
Piecharts indicate the observed average relative abundance of B. brassicae (white) and L. erysimi
(blue) in each country. 
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defense genes due to selection for specific 
defensive profiles matched to the 
predominant local herbivore or herbivore 
community (e.g., 13). However, there is no 
direct evidence that variation in local 
herbivore communities represents a 
sufficiently strong selective pressure to 
favor specific defensive traits and maintain 
polymorphisms in defense-related genes. 
The unparalleled genetic and molecular 
resources available for the model plant 
Arabidopsis thaliana make this species an 
ideal candidate to study the process of local 
adaptation to herbivores. The primary 
defensive trait in A. thaliana is a series of 
indolic and aliphatic glucosinolates, which 
are secondary plant metabolites with anti-
herbivore properties (14). The accumulation 
and structure of aliphatic glucosinolates is 
mechanistically determined by alleles at the 
GS-ELONG locus that regulate the carbon 
side-chain elongation (3C or 4C) (15) and 
by alleles at the GS-AOP locus that modify 
the functional group of the biologically 
active glucosinolate side-chain (ALK, OH,
or NULL). The combination of these alleles 
yields six distinct chemotypes present in 
natural populations in varying proportions 
(16). Both individual glucosinolate 
compounds and full chemical profiles affect 
the susceptibility of a plant to specific 
herbivores (17, 18); hence the aliphatic 
chemotype is likely under differential, 
qualitative selection by herbivores. In 
contrast, accumulation of the main indolic 
glucosinolates in A. thaliana is highly 
plastic and modulated by a large number of 
small-effect genetic loci, which are 
therefore less likely to show clear signatures 
of selection (19). 
We mapped geographic variation in the 
abundance of the six chemotypes within 
Europe from a set of 96 accessions (75 
European) (20) with known chemical 
profiles (16) (Fig. 1). There was no apparent 
pattern in the distribution of the GS-AOP
chemotypes, but for GS-ELONG the 
frequency of 3C to 4C chemotypes increases 
with both latitude and longitude (Figs 1, 
S1). If this pattern results from geographical 
variation in herbivore feeding pressure, we 
would expect it to be closely matched by 
variation in herbivore abundance patterns. 
While A. thaliana is attacked by a range of 
invertebrate herbivores, many of which 
preferentially feed on specific chemotypes 
(17), we hypothesized that the aphid species 
Brevicoryne brassicae and Lipaphis erysimi
are likely drivers of these patterns as they 
are both abundant, mobile Brassicaceae 
specialists, yet differentially sensitive to 
environmental conditions (21). Fluctuations 
in aphid populations have been monitored 
since 1964 through the EXAMINE network 
(http://www.rothamsted.ac.uk/examine/)
using suction traps which operate 
throughout the aphid flight season (22). We 
retrieved data on the two aphid species from 
61 traps in eight European countries. These 
data revealed that the abundance of L. 
erysimi is usually lower than B. brassicae,
but that the geographic pattern in the 
relative abundances of L. erysimi and B. 
brassicae closely mirrors the pattern at GS-
ELONG (Figs 1 and S1). Variation in the 
relative abundance of these two specialist 
aphids could therefore underlie variation in 
the predominant GS-ELONG chemotype 
found in natural populations. 
Since causal inferences are impossible 
from such correlative data, we tested the 
causality of aphid selection on GS-ELONG,
carrying out a multi-generational selection 
experiment on populations of A. thaliana 
(22). We assembled 30 replicate populations 
from equal numbers of seeds from each of 
27 natural accessions, including 6 of the 75 
European accessions mapped above. 
Accessions were chosen to maximize 
variation in defense traits while including all 
six glucosinolate chemotypes in a range of 
genetic backgrounds (Table S1, Fig. S2). 
Over five generations, we consistently 
exposed populations to replicate (n = 6) 
treatments of a single specialist aphid 
species: either B. brassicae or L. erysimi; a 
single generalist aphid, Myzus persicae; a 
mixture of all three aphid species; and a no-
aphid treatment. The generalist aphid was 
included as a negative control, since M. 
persicae is unresponsive to aliphatic 
glucosinolates (23) and we therefore would 
not expect it to exert directional selection on 
plant chemotype. The no-aphid treatment 
served as a control for other selective forces 
that were likely to affect the outcome of the 
experiment, such as intraspecific 
competition among accessions. Seeds were 
collected at the end of each generation with 
no mixing among populations and a subset 
was used to establish the next generation at 
a constant density. After five generations of 
repeated herbivore treatments we sampled 
24 individuals from each population in 
generation 5 (144 individuals per treatment) 
and determined their genotype. To have a 
marker for changes in genotypic 
composition through time, we also 
measured leaf trichome density, a trait under 
strong genetic control (Fig. S3), on a 
representative sample of plants in all 
generations. 
Rapid adaptation occurred in the selection 
experiment, as evidenced by a progressive 
reduction in the effects of aphid feeding on 
final plant biomass in each generation (Fig. 
2A). In line with the expected severity of 
aphid feeding based on previously reported 
population growth rates (21), L. erysimi
caused the strongest reduction in plant 
biomass, while M. persicae was
intermediate and B. brassicae had the least 
effect. The mixture treatment caused a 
similar reduction to L. erysimi alone, 
probably because aphid mixtures were 
dominated by this fast-growing aphid 
species. With each generation, trichome 
density decreased in the no-aphid treatment, 
while it remained at significantly higher 
levels in all aphid treatments (Fig. 2B). 
Adaptation to herbivore feeding was 
accompanied by considerable changes in the 
genotypic composition of populations, 
including the complete loss of nine 
genotypes (Fig. 3). There was a non-specific 
aphid effect on total indolic glucosinolates 
(lme: F1,28 = 10.66, p =0.003), with plants in 
the no-aphid treatment producing on 
average 0.98 (± 0.03, SEM) ?mol g-1, and 
plants in aphid treatments producing 0.87 (± 
0.03, SEM) ?mol g-1. In contrast, the 
different aphid treatments had a dramatic 
impact on the dominant aliphatic 
chemotypes within experimental 
populations. Significantly, the relative 
proportions of 3C and 4C chemotypes 
differed strongly among aphid treatments 
(Figs. 3, S4). After selection, populations of 
Fig. 2. A) Change in the negative impact of aphid treatments on final plant biomass over five 
generations, displayed as the log-difference to final plant biomass in the no-aphid treatment: B.
brassicae (light blue); M. persicae (light green); L. erysimi (orange); and aphid mixture (yellow). Stars 
denote significantly less damage after five generations of selection (Table S2). B) Mean number of 
trichomes on the fourth leaf of 50 plants per population. Stars denote significant difference from the 
no-aphid treatment (black line) after five generations of selection.
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the no-aphid treatment consisted of 
approximately two thirds 3C and one third 
4C chemotypes. Specialist aphids selected 
for different chemotypes at GS-ELONG: the 
4C chemotypes strongly dominated in B. 
brassicae treatments (binomial glm, t = 
3.08, df = 25, p = 0.002) and the 3C
chemotypes strongly dominated in both L.
erysimi (t = 2.01, df = 25, p = 0.045) and the 
aphid mixture treatments (t = 2.21, df = 25, 
p = 0.027). The relative proportions of 3C to 
4C chemotypes in populations exposed to 
the generalist aphid M. persicae did not 
differ from the no-aphid treatment (t = 0.18, 
df = 25, p = 0.858). Despite this similarity, 
the identity of the successful genotypes 
differed among treatments, with accession 
Sap-0 accounting for a large fraction of 
plants in the no-aphid treatment but being 
absent from all other treatments (Fig. 3). 
The genotypic composition of plant 
populations with L. erysimi and aphid 
mixtures was near-identical, confirming that 
L. erysimi dominated the mixture 
treatments, and suggesting that in co-
founded populations, L. erysimi is the most 
important selective force. Most successful 
genotypes either had a 3C-OH or a 4C-
NULL chemotype, and we found no 
individuals belonging to either alkenyl 
chemotype (3C-ALK or 4C-ALK) in any 
treatment. Alkenyl chemotypes were 
common in generation 1 of the selection 
experiment (Fig. S2), and simulations of 
random sampling on the basis of observed 
population sizes reveal that their loss cannot 
be due to drift alone (Fig. S5) but rather was 
a consequence of selection. 
To identify potential causes for the loss of 
particular genotypes, we measured size-
standardized growth rate (SGR) as a 
measure of fitness, together with total 
aliphatic glucosinolate content and trichome 
density in a separate experiment on all 27 
ancestral accessions. Alkenyl chemotypes 
expressed the highest levels of 
glucosinolates and were among the slowest 
growing genotypes overall (Fig. S6A). 
Alkenyl glucosinolates are an effective 
defense against leaf-chewing herbivores 
such as caterpillars (24), but their efficiency 
against specialist aphids remains largely 
unknown, while they have little effect on M. 
persicae (23). The loss of the alkenyl 
chemotypes therefore probably resulted 
from selection against a costly defense trait 
that provided insufficient benefits in our 
experiment. This cost-benefit balance is also 
the most likely reason for the difference in 
dominant genotypes between the no-aphid 
treatment and the aphid treatments (Fig. 3). 
The dominant genotype in no-aphid 
populations, Sap-0, was completely absent 
from all aphid treatments, indicating low 
fitness in the presence of herbivores. The 
Sap-0 genotype had the lowest trichome 
density of all non-glabrous accessions, and 
as trichome production had a growth cost 
(Fig S6B), its success can explain the 
observed decrease in trichome density in the 
no-aphid populations over time (Fig. 2B). 
Compared to other  chemotypes, Sap-0 also 
produces low levels of glucosinolates, an 
additional indication that in the absence of 
herbivores, undefended, fast-growing 
genotypes will prosper.  
Despite known epistatic interactions 
between GS-ELONG and GS-AOP (19), our 
data suggest that aphid selection acts 
independently on the two loci. The 
magnitude and direction of selection exerted 
by the two specialist aphids on GS-ELONG
in our experiment suggests a causal link 
between the observed cline in GS-ELONG
across Europe and the changes in the 
relative abundance of the same aphids. 
Although B. brassicae is numerically 
Fig. 3. Change in the composition of A. thaliana accessions, from equal proportions of 27 genotypes in the ancestral population to treatment-specific 
compositions after five generations of selection. Each chart gives mean genotype frequencies based on n = 6 replicate populations. 3C chemotypes are 
indicated by solid, orange colors, while 4C chemotypes are indicated by hatched, green colors.
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dominant across most of Europe, the faster-
growing L. erysimi can inflict greater 
damage on plants and quickly dominates 
populations which are co-founded by both 
aphid species, thus even a modest change in 
relative abundance could cause the loss of 
C3 populations. All plants in the selection 
experiment experienced strong intraspecific 
competition, and since growth rate is a good 
predictor of competitive ability (25) it is 
unsurprising that fast-growing plant 
genotypes were generally selected, while the 
slowest-growing alkenyl chemotypes were 
lost. Alkenyl chemotypes are, however, very 
common in natural populations, and could 
be maintained by other herbivores, for 
instance leaf-chewing caterpillars (24).  
Ecological theory has consistently 
emphasized the role of natural enemies in 
maintaining diversity both within and 
among species, but convincing empirical 
evidence has been lacking. Here we 
demonstrate that even functionally similar 
herbivores such as different species of aphid 
have the potential to select for specific 
chemotypes and drive large-scale 
geographic patterns in plant defense 
profiles. It therefore seems likely that 
natural herbivore communities with their 
greater variety of feeding styles and 
specializations play a major role in shaping 
and refining the plant defenses observed in 
natural communities.  
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analyses, and wrote the paper; CH, UG, RH and DJK contributed data or provided molecular 
and chemical analyses; all authors contributed to revisions; TZ created the figures. 
 
Materials and Methods:
Analysis of geographic patterns. We extracted coordinates data on the set of 96 natural 
accessions from Nordborg et al. (20) and combined it with glucosinolate data from Chan et al. 
(16). We analyzed the spatial pattern in GS-ELONG for Europe using a generalized linear 
model with binomial error structure and longitude and latitude as explanatory variables. There 
was no support for an interaction term; hence only main effects were included in the model. 
Data on aphid abundance were extracted from the database of the ‘EXAMINE’ network (26). 
This project emerged from the Rothamsted Insect Survey (27), which uses a network of 12.2 
m high suction traps (28) throughout the UK to monitor aphids for research and extension 
work. Daily data are available for a large number of aphid species back to 1964 depending on 
the site. Other countries have adopted the same design of trap and the data have been 
assembled within a single database (26), facilitating pan-European analysis (29). There are 
currently 46 traps operating in ten countries, each representative of aphids flying within a 
surrounding area with a radius of more than 200 km (30). Many more traps have been 
operated in the past but have now been closed. This paper draws on samples from a total of 61 
traps with varying extent of data coverage. Data from any particular trap in a given year were 
only used if at least one individual of both Brevicoryne brassicae and Lipaphis erysimi each 
were recorded in that location, since lack of data can be caused both by true absence of an 
aphid or by failure to monitor or record this species. We analyzed the aphid data with a 
binomial generalized mixed effects model (binomial glmer) for proportion data by treating the 
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total numbers of L. erysimi and B. brassicae as successes and failures, respectively. Trap 
identity was included as a random effect to account for both repeated measures and 
differences in the range of annual data. Longitude and latitude was treated as fixed effects, but 
as with GS-ELONG, there was no support for an interaction term. 
Study system. To create a genetically diverse ancestral population, we selected 30 accessions 
of A. thaliana, based on published information on glucosinolate profiles (31), flowering time 
(32), and trichome density (NASC, The European Stock Centre, www.arabidopsis.info). 
These lines are maintained in stock centers through selfing and are thus homozygous for most 
of their genome (33). We obtained seeds of all accessions through NASC and propagated 
them for one generation to amplify seed stocks and reduce potential confounding maternal 
effects. Three accessions completely failed to germinate; hence we used the 27 remaining 
accessions for the selection experiment (Table S1). We established laboratory stock cultures 
of the three aphid species M. persicae, B. brassicae and L. erysimi. Each culture was founded 
from a single adult aphid which we collected from naturally occurring Brassicaceae in the 
garden of the University of Zürich at the beginning of the experiment in spring 2009. 
 
Selection experiment. Experimental populations were set up in individual cages made from 
Plexiglas® (Fig. S6) and were maintained at 18° C  under a day/night cycle of 16h/8h. Plant 
populations in the first generation were established from 20 seeds per genotype (540 seeds in 
total), and in all subsequent generations 800 seeds were randomly selected to establish new 
populations in fresh soil. To establish plant populations at the beginning of a generation, seeds 
were evenly sprinkled into planting trays (18 x 35 cm) filled with 2.5 liters of standard 
germination soil (pre-mixed with vermiculite, GO M1, Tref Group, The Netherlands). Trays 
were thoroughly soaked with water, covered with transparent plastic film and cold stratified at 
4° C for four days and placed into the cages inside the climate chamber afterwards. 
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Germination was measured in all populations and 15 days after sowing 50 random plants were 
sampled per population, removing the fourth leaf from 50 plants and counting the number of 
trichomes within a defined area on the adaxial surface of the leaf (Ø 4 mm). 17 days after 
sowing, aphid treatments were initiated by applying six aphids (two per species for aphid 
mixtures). After the introduction of aphids, cages were checked regularly for cross-
contamination among treatments. Contaminations occurred rarely, and only toward the very 
end of the generational cycle and were therefore considered harmless due to already advanced 
plant senescence. Since plants in the no-aphid treatment senesced more slowly, 
contaminations in this treatment were treated with a systemic insecticide (ACTARA®, 
Syngenta, Switzerland) that killed aphids within a few days. All populations were harvested 
after 60 days when most plants had senesced. Every generation, the locations of cages in the 
growth chamber were re-randomized following a modified stratified random design. 
Genotyping. We randomly selected 24 plants per population in generation 5 (144 per 
treatment), and genotyped them using a set of SSLP markers (34, see Table S3 for details). 
Plants were grown in a controlled climate chamber set to 18° C under a day/night cycle of 
16h/8h and fifteen days after germination, we harvested two leaves from each plant, placed 
them into a test tube within a 96-tube rack format, and immediately froze the samples on dry 
ice for later DNA extraction. Several small glass beads (Ø 1 mm) were added to each tube and 
96-tube racks were frozen in liquid nitrogen. Frozen samples were ground by shaking 2 x 30 
sec (frequency = 30/sec), turning plates once by 180°, on a Mixer Mill Retsch MM300 
(Retsch Technology GmbH, Germany) and DNA was extracted (35). 
To distinguish the 27 ancestral accessions, we tested five polymorphic loci that produced 
different fragment size upon amplification (simple sequence length polymorphisms, SSLPs) 
using PCR (Table S3). We analyzed three markers (nga6, nga172 and ciw6) on all plant 
samples, and a subset of plant samples with ambiguous results was analyzed with two 
102 CHAPTER 5 
 
 
 
additional markers (either nga111 or ciw3). PCR was first carried out on DNA of the 27 
ancestral lines to establish the reference genotypes. All PCR reactions were carried out using 
5 μl DNA and a final reaction volume of 25 μl. The PCR conditions were as follows: 94° C 
for 120 s (1x); followed by 35 cycles of 94° C for 30 s, 59° C for 20 s, 72° C for 30 s; and 72° 
C for 10 min (1x). The size of PCR products was analyzed on a QIAxcel® capillary 
electrophoresis system (Qiagen, Switzerland), using a high-resolution gel cartridge and 
standard Qiagen reagents. The 15bp/500bp QX Alignment Marker was used to align samples, 
as PCR product typically ranged between 120 and 250 bp. Following standard Qiagen 
protocols, we determined DNA fragment size using the BioCalculator Software, which is part 
of the QIAxcel® system. Plant samples were then assigned to ancestral genotypes using a 
discriminant analysis (function lda in R (36)) with fragment sizes of known genotypes as the 
training sample and unknown plant genotypes as the test sample. 
Glucosinolate analysis. We analyzed the chemical profile of an additional set of 24 plants per 
population of generation 5 (144 plants per treatment). We grew plants in a controlled climate 
chamber set to 18° C under a day/night cycle of 16h/8h for 20 days, and then we harvested the 
six largest leaves of each plant. Leaves were placed onto a white plastic surface and 
photographed for size measurement. Immediately after photographing, all six leaves of one 
plant were put into a 1.4 ml test tube within a 96-tube rack format (Micronic, The 
Netherlands), containing 400 ?l of 90% methanol, which inhibits the enzymatic breakdown of 
glucosinolates. Samples were then extracted and analyzed as described in Kliebenstein et al. 
(31). Leaf area of samples was measured from photographs using the open-source image 
processing software ImageJ (37). For a representative subset of genotypes, rosettes were 
harvested, dried and weighed to generate a calibration line. Using this line, all leaf areas were 
transformed into leaf masses. Glucosinolate profiles of plant samples were then assigned to 
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ancestral chemotypes using a discriminant analysis (function lda in R) with chemical profiles 
of known genotypes as training sample and profiles of generation 5 plants as test sample. 
Phenotypic screening of A. thaliana genotypes. We measured several defense-related traits 
on the 27 ancestral accessions grown in a controlled climate chamber set to 18° C under a 
day/night cycle of 16h/8h. These were growth rate (as a descriptor of the competitiveness of a 
plant (see 25, 38)), time of flowering, trichome density, and glucosinolate content. Growth 
rate was measured as biomass growth over the whole plant life using nine sequential harvests. 
For each harvest, we grew 2-3 individual plants for each of the 27 accessions and harvested 
plants on days 7, 9, 11, 14, 18, 22, 27, 30 and 38 after sowing. We fitted non-linear growth 
curves with the function gnls implemented in the nlme library for R (36, 39) to the total 
above-ground biomass data, using an asymptotic regression and the self-starting routine 
SSasymp (38). We calculated size-standardized growth rate (SGR) from the estimated model 
parameters at a common reference size (mean size 9 days after sowing). 
 
Statistical analyses.  All analyses were carried out in R 2.13 for Windows (36). For analyses 
of the selection experiment, aphid treatment was fitted as a five-level factor, with each of the 
four aphid levels being tested against the no-aphid treatment. All traits with multiple measures 
per population were analyzed with linear mixed-effects models (lme) implemented in the 
nlme library for R (39), using population as a random effect. The change in aphid impact on 
plant populations over time was analyzed in an lme-model of log-biomass as a function of 
treatment and generation. In this way, aphid treatment effects are expressed as differences on 
the log-scale, which is equivalent to log-ratios. Generation was treated as a factor to account 
for non-linearity in the relation with the response. Average aliphatic and indolic glucosinolate 
contents in each generation (based on composite leaf samples) were analyzed as log-
concentrations in similar lme-models, while for trichome density, the absolute numbers were 
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analyzed. The overall proportion of the GS-ELONG chemotype in generation 5 was analyzed 
using a generalized linear model (glm) with a binomial error structure. 
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Figure S1. A) Three-dimensional plot of the distribution of GS-ELONG across Europe. 4C 
chemotypes are represented as zero values and 3C chemotypes as ones. Each dot represents 
one accession, and the hatched area is the model fit of a generalized linear model with 
binomial error structure (binomial glm), GS-ELONG as binary response, and longitude and 
latitude as explanatory variables. B) Three-dimensional plot of the relative proportion of the 
mean number of Lipaphis erysimi individuals per Brevicoryne brassicae individuals, captured 
in aerial suction traps distributed across Europe. Each dot represents one trap, and the hatched 
area is the model fit of a generalized linear mixed-effects model with binomial error structure 
(binomial glmer); the proportion of the two aphid species from several years of trapping as 
response, longitude and latitude as explanatory variables, and trap identity as a random effect 
to account for repeated measures at the same location over multiple years. 
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Figure S2. Natural variation in glucosinolate profiles in the 27 accessions (genotypes) of A.
thaliana used for the selection experiment. Genotypes are ordered according to their 
chemotype on the basis of allelic variation at two loci, GS-ELONG (3C and 4C) and GS-AOP 
(NULL, ALK and OH). Presented are A) relative and B) absolute concentrations of 
glucosinolates (?mol g-1 dry weight). Compounds with a 3C side-chain are colored orange, 
while 4C compounds are colored green. The biologically active functional group is indicated 
by the fill of each bar: solid (NULL), hatched (ALK), and cross-hatched (OH). Abbreviations 
of glucosinolate compounds: 3OHP, 3-hydroxypropyl; 2OH-But, 2-hydroxy-3-butenyl; 
3MSOP, 3-methylsulfinylpropyl; 4MSOB, 4-methylsulfinylbutyl; Total LC MSO, long-chain 
methylsulfinyl; Total MT, methylthio. 
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Figure S3. Plot of the predicted versus observed trichome density in generation 5 for all 30 
populations (r2 = 0.52, p < 0.001). Predicted trichome density is based on genotype 
frequencies in generation 5 and ancestral trait distributions. Symbols represent the five 
treatments: no aphids (open circles), M. persicae (open triangles), B. brassicae (filled circles), 
L. erysimi (open squares), and aphid mixture (filled squares). The dotted line indicates the 1:1 
line, and the solid line is the actual model fit.  
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Figure S4. Mean frequencies of the six main chemotypes within plant populations before and 
after five generations of selection. Mean frequencies are based on HPLC analysis of 24 plants 
per population (144 plants per treatment). After selection, mainly the chemotypes 3C-OH and 
4C-NULL remained in all treatments. Both alkenyl chemotypes were lost from all 30 
populations, while 3C-NULL (overall mean proportion: 0.71 %) and 4C-OH (overall mean 
proportion: 1.82 %) remained at very low frequencies in all populations. 
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Figure S5. Distribution of expected chemotype frequencies. We generated distributions for 
the expected chemotype frequencies for A) 3C-ALK, B) 4C-ALK, C) 3C-OH, D) 4C-OH, E) 
3C-NULL, and F) 4C-NULL, assuming no treatment differences and only random drift. This 
was achieved by randomly sampling genotypes based on their frequencies in previous 
generations only (in generation 1, each genotype had the same probability of being selected). 
The total population size was constrained to be the total number of seedlings observed in each 
population in each generation and we include the number of individuals actually genotyped as 
the final sample. Random sampling was repeated 10’000 times and chemotype frequencies 
were averaged across all 30 populations. For all observed chemotype frequencies, either the 
treatment-specific (empty triangles) or the overall average values (filled triangles) are shown, 
depending on significant treatment differences.  
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Figure S6. Trait values of the 27 ancestral genotypes. A) shows size-standardized growth rate 
(SGR) and aliphatic glucosinolate content, and B) SGR and trichome density. Solid lines are 
linear regressions with grey areas indicating ± 1 SEs. Genotypes extinct after five generations 
of selection are colored in grey. The chemotype means ± 1 SEs are overlaid, with symbol 
shape indicating the GS-AOP chemotype (square: ALK; circle: OH; triangle: NULL), and 
color indicating the GS-ELONG chemotype (orange: 3C; green: 4C). 
CHAPTER 5 111 
 
 
 
Figure S7. Schematic drawing of an experimental cage. Cages  (20 x 36 x 50 cm w x l x h) 
were used to keep aphid treatments constrained to their respective plant populations in the 
selection experiment. Cages are made from 5 mm thick Plexiglass® with a square, netted hole 
in the back (18 x 30 cm) and a flap in the front of the cage for access. The flap is fitted with a 
rubber seal creating an insect-proof barrier when closed. Each cage is fitted with a ventilator, 
mounted on top of a circular netted hole (Ø 8 cm) on the front of the cage creating a linear 
airflow through the cage.
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Table S2. Statistical tests for change in biomass and trichome densities. All tests are extracted 
from a linear model of log(Biomass) or a linear mixed-effects model of trichome density as 
response and treatment, generation, and the interaction as factorial explanatory variables. 
Values are t-tests on the treatment differences from the no-aphid treatment in generation 5. 
 log(Biomass) Trichome density 
M. persicae t = 4.16 p < 0.001*** t = 6.90 p < 0.001*** 
B. brassicae t = 0.97 p = 0.333 t = 4.69 p < 0.001*** 
L. erysimi t = 2.71 p = 0.008** t = 7.36 p < 0.001*** 
Aphid mixture t = 3.78 p < 0.001*** t = 6.96 p < 0.001*** 
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Table S3. List of primers used for genotyping of the set of 27 A. thaliana accessions.
SSLP Locus SSLP Primer Chromosome PCR Primer Sequence 
MgCl2 concentration 
used in PCR reactions 
nga111 NGA111F 1 TGTTTTTTAGGACAAATGGCG 1.5 mM MgCl2 
NGA111R  CTCCAGTTGGAAGCTAAAGGG  
ciw3 CIW3F 2 GAAACTCAATGAAATCCACTT 2.5 mM MgCl2 
CIW3R  TGAACTTGTTGTGAGCTTTGA  
nga72 NGA172_F 3 CATCCGAATGCCATTGTTC 2.5 mM MgCl2 
NGA172_R  AGCTGCTTCCTTATAGCGTCC  
nga6 NGA6_F 3 ATGGAGAAGCTTACACTGATC 1.0 mM MgCl2 
NGA6_R  TGGATTTCTTCCTCTCTTCAC  
ciw6 CIW6_F 4 CTCGTAGTGCACTTTCATCA 2.0 mM MgCl2 
 CIW6_R  CACATGGTTAGGGAAACAATA  
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GENERAL DISCUSSION 
The diversity of life on earth is stunning, yet while this diversity is under threat by human 
population growth, we still lack the understanding of how it came to be in the first place. 
Understanding the mechanisms underlying biodiversity is essential if we want to halt the 
current loss of species. Most species we observe today are part of a complex web of biotic 
interactions and the loss of these interactions has often unpredictable consequences. Plant-
herbivore interactions have received a lot of attention in ecological and evolutionary studies, 
yet these studies tend to focus on the effects that plant diversity has on communities of 
herbivores (Elton, 1958; Hutchinson, 1959; Murdoch et al., 1972). 
Studies on effects in the opposite direction (i.e., herbivore populations affecting plant 
diversity) are much rarer, yet it is most likely the interaction of both effects that creates 
diversity at both trophic levels. Selective pressures exerted by herbivores are responsible for 
the evolution of a large variety of defensive mechanisms in plants. Defence mechanisms can 
be plastic traits to some degree, but at the very least still require a genetic basis. Therefore 
selection for defence traits has the potential to exert selective pressure on genotype or species 
frequencies. Trade-offs between expression of a trait and plant fitness, as well as between the 
resistances a trait conveys against different herbivores can then lead to diversifying selection, 
given a diverse, fluctuating herbivore community. This mechanism of diversity maintenance 
could be seen as a ‘biotic niche concept of diversity’, which is the extension of the classical 
Hutchinsonian niche (Hutchinson, 1961) with added biotic niche axes. 
In my thesis, we have tested the two major assumptions underlying the biotic niche 
concept: defensive traits trade-off with plant fitness, and different herbivore species select for 
different defence traits. The first assumption is a long-standing prediction in plant defence 
theory (Coley et al., 1985; Bazzaz et al., 1987; Herms & Mattson, 1992). However, 
experimental studies have not consistently found these costs (reviewed in Koricheva, 2002). 
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All chapters of my thesis deal at least in part with the costs of defence. We could clearly and 
repeatedly show that costs of plant defence exist in Arabidopis thaliana, which we used as 
model plant for all our studies. However, our ability to detect these costs is strongly 
dependent on the experimental conditions in which plants are grown and the method that are 
used to describe the costs. We generally grew plants under stressful conditions: we used 
nutrient-poor soil and we usually added no fertiliser, while in one case, plants in addition 
experienced high competition. Under such resource-limited conditions allocation costs are 
most likely to manifest themselves, while all too often especially in genetic studies, plants are 
grown under ideal conditions and costs are masked as a consequence. 
The first four chapters all use size-standardised growth rate (SGR) as the same 
surrogate measure of fitness. Fitness of any organism is the number of offspring it will 
achieve in the next generation and in plants, the final lifetime seed production is often 
considered to be the best estimate of this fitness. However, this is also just a surrogate 
measure, since seed dispersal, germination and establishment all will further affect the true 
fitness. Plant growth rate is easier to measure in many plants, and is often a good predictor of 
the outcome of competition (Fakheran et al., 2010; Züst et al., 2011). Since competition 
directly affects plant establishment, growth rate can be used as an alternative surrogate 
measure of fitness. We could repeatedly demonstrate trade-offs between SGR and defensive 
traits in A. thaliana, where genotypes are often either slow growing and highly defended, or 
fast growing and lacking defences.  
Importantly, we found most trade-offs not with total content of chemical compounds, 
but with a subset of compounds. Glucosinolates, the main chemical defensive compounds of 
A. thaliana, are a highly diverse group of plant metabolites (Benderoth et al., 2006), that most 
likely evolved in response to different biotic selective pressure. Correlations between SGR 
and individual glucosinolate compounds were often significantly negative, whereas 
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correlations with total glucosinolate content were much weaker. When comparing two 
recombinant inbred line (RIL) populations of A. thaliana, we could actually demonstrate that 
mainly one group of glucosinolates are costly to produce: the aliphatic glucosinolates with a 
4-carbon side chain. While these compounds are costly to produce, they also seem to provide 
the most effective defence against generalist leaf-chewing herbivores. In contrast, many 
experimental studies working on plant defence only look at the absolute content of toxic 
chemicals while they neglect the chemical diversity of these compounds. These studies often 
argue that an herbivore feeding on a plant experiences the whole cocktail of plant secondary 
metabolites together, and therefore one should not try to compare the relative importance of 
individual compounds (e.g. Agrawal, 2010).  
This argument is only partially valid, since it implies that an individual herbivore can 
select for the full diversity of plant secondary metabolites within its host plant. Under the 
second assumption of the biotic niche concept, each herbivore species only selects for one or 
few chemical compounds, but the full community of different herbivores maintains the 
chemical diversity within a host plant. In this case, looking at absolute content of toxic 
chemicals alone would most likely mask most relations between fitness and defence. 
In the fifth chapter we found strong evidence for differential selection on plant 
chemicals by different herbivores. We used three species of aphids and recorded what plant 
traits were selected in response to constant herbivore pressure over several plant generations. 
Two of the aphid species are specialised on Brassicaceae plants and therefore are most likely 
physiologically very similar, yet even these two herbivore species favoured plant populations 
with very different chemotypes after only five generations. A. thaliana is fed upon by a 
diverse community of herbivores (Mauricio & Rausher, 1997; Bidart-Bouzat & Kliebenstein, 
2008), yet not all of these herbivores are present in plant populations at the same time and 
might be completely absent in some populations in some years. In our selection experiment, 
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the control treatment without aphids was mimicking this situation. This treatment resulted in 
the dominance of completely different genotypes, which had generally low levels of defence 
traits and high growth rates. This confirmed that in the absence of herbivores and any abiotic 
structure, the most competitive genotypes will outcompete all other, better defended 
genotypes. Aphid herbivory prevented dominance of these genotypes and favoured different 
defended genotypes instead. There is extensive evidence in the literature that other types of 
herbivores favour different plant chemicals (Lambrix et al., 2001; Raybould & Moyes, 2001). 
In a natural population with fluctuating herbivore communities consisting of aphids, 
caterpillars, leaf beetles, nematodes, etc., this can therefore explain the high diversity of 
coexisting genotypes of A. thaliana. 
We used a relatively artificial model system for both trophic levels. The major 
deviation from a natural system was the herbivore pressure that occurred in the selection 
experiment. In the ideal environment of the climate chamber and in the absence of any 
predators, aphids could reach densities that are never achieved in natural populations. This 
extreme strength of the selective pressure is also the likely explanation for the strength at 
which plant populations responded. This does not negate our findings as it still describes a 
process that occurs naturally at a much reduced strength. Effect sizes which we were able to 
observe over five generations are thus more likely to happen over several hundred generations 
in natural populations. The use of aphids as model herbivores is in contrast mainly a 
conservative choice, since a larger variety on this trophic level would most likely have yielded 
much stronger differential selection. 
A. thaliana is considered mainly a model plant for geneticists (Somerville & 
Koornneef, 2002) and thus its use for ecological studies is sometimes criticised. However, the 
vast arsenal of genetic tools available for this plant is a unique resource of which also 
ecological studies can greatly profit. A. thaliana is still a natural plant which has to deal with 
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the same problems as any other plants: it has to allocate limited resources to grow and 
reproduce, while it has to fight off competitors and is attacked by pathogens and herbivores. 
Therefore, our results represent a real ecological process that is most likely happening in most 
plant species to some degree. 
In conclusion, we have found ample evidence that support the biotic niche concept as 
a mechanism that is at least partially responsible for the genetic and species diversity not only 
of A. thaliana, but most organism at the lowest trophic level. Populations of organisms that 
are commonly considered as ‘pests’ have thus important ecological functions for the 
maintenance of this diversity. It is further proof for the fact that habitat protection alone is an 
insufficient conservation measure to protect diverse ecosystems, if no efforts are made to 
protect the associated animal and insect communities. 
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